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Golnar, Thomas F., M.A., January 1986 Zoology
Limnology of Whitefish Lake, northwest Montana (91 pp.)
Director: jack A, StanforcKlÆ^ '
Whitefish Lake is a relatively deep = 67 m), dimictic lake
which underwent reductions in late summer hypolimnetic oxygen 
saturation (to 50% in 1982; 60% in 1983) that recovered with fall 
circulation. Annual fluxes of phosphorus and nitrogen were 
examined in two major tributaries, in bulk precipitation, and in 
the lake outlet. Swift Creek contributed 67% of the annual water 
input, and 53% of the phosphorus load (from channel erosion during 
snowmelt runoff). Bulk precipitation accounted for 31% of the 
phosphorus load, with high spring and fall concentrations (annual 
range: 13—887 ug/1) influenced by forest canopy inputs.
Only 24% of the lake's phosphorus inputs were lost via the outlet 
which indicated that a large proportion of the sediment phosphorus 
brought in by Swift Creek was retained within the lake.
Annual phytoplankton productivity for the euphotic zone (ca, 20- 
30 m) ranged from low winter rates (ca, 80-120 mg C m”^ day"^) to 
an early May 1983 p>eak (>400 mg C m”’̂ day"^). An abrupt, May-June 
decline in productivity rates paralleled reductions in light 
penetration during overflow of the spring turbidity plume. 
Recovery of the rates in July corresponded to increases in light 
penetration, following sedimentation of stream inputs.
In contrast to the late spring productivity crash, phytoplankton 
biomass was greatest during a May-June bloom of the chrysophycean, 
Dinobryon divergens (>500 mm^ m""̂ ). Late summer and autumn 
communities were dominated by the dino flagella te, Ceratium 
hirundinella, which was absent from December to June samples. 
November-December phytoplankton biomass was low (ca, 70 mm^ m“^), 
but recovered (to ca, 180 mm^ ro~̂ ) with a midwinter diatom bloom 
(mainly Fragilaria with Synedra and Coscinodiscaceae).
During spring runoff. Swift Creek dominated the physical 
character of the lake's water column, and may have been important 
in regulating phytoplankton community structure and productivity. 
High spring and autumn nutrient loads in bulk precipitation (and 
probably morphometric differences) were responsible for the 
greater proportionate role of atmospheric loading in Whitefish as 
compared to Flathead Lake (downstream), Ihe observed hypolimnetic 
oxygen reductions, and relatively high external phosphorus loading 
(ca, 24 mg m*"̂  yr” )̂ indicated a transitional status between 
oligotrophy and mesotrophy.
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INTRODUCTION
Lakes are open ecosystems with nutrient inputs derived from their 
watershed and airshed, in natural forested lake basins atmospheric 
inputs of particulates, dissolved ions, and gasses are important sources 
of nitrogen, phosphorus, organic carbon, and strong acids (Likens and 
Bormann 1979). Terrestrial runoff sources gain relative importance with 
occurrence of cultural development (ewg. roadbuilding, timber 
harvesting) or natural disturbances (ejg, fire, floods) within 
watersheds. In undisturbed drainages, terrestrial nutrient pools are 
retained by recycling between soil and vegetation compartments. 
Disturbances to the soil-vegetation complex can alter nutrient cycling 
pathways, flux rates, and the size of storage compartments. This 
results in a loss in capacity to retain nutrients, and a net export of 
nutrients from the terrestrial environment to downstream aquatic 
environments (Likens and Bormann 1974, 1979? Hynes 1975). Stream 
nitrate concentrations, for example, increased after experimental timber 
harvesting in deciduous northeastern and coniferous northwestern U. S. 
forests (Fredriksen 1972; Pierce et al. 1972). in subsequent years, 
nutrient exports declined as forest vegetation recovered. Feller and 
Kimmins (1984) examined the effect of clearcutting and slashburning on 
nutrient losses to the atmosphere, to streams, and in harvested biomass 
of coastal British Columbia watersheds. While removal of biomass 
accounted for most of the nutrient losses, atmospheric losses were much 
greater than stream losses during slashburning, suggesting that this 
could be an important source of nutrients in precipitation inputs to 
water bodies.
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Organic carbon and primary Productivity
Ihe energy base of lake metabolism is derived from the organic 
carbon originally fixed in plant communities both within and beyond the 
aquatic boundaries of the system (Likens 1975a). Dissolved organic 
carbon (DOC) dominates the total pool of organic matter in lakes, and in 
inputs from wetland, stream and atmospheric sources (Wetzel 1983). Most 
of the particulate organic carbon (POC) in lakes is derived internally 
from primary production by planktonic algae and the littoral periphyton 
and macrophyte communities. Lake morphology is important in controlling 
the relative contributions of these functional groups. The majority of 
carbon fixation within large, deep lakes is contributed by pelagic 
phytoplankton communities. In shallower waters or where shorelines 
exhibit complex morphology, net productivity in littoral phytoplankton 
and benthic algal communities can exceed that in the open water (cf. 
Gruendling 1971; Loeb et al. 1983). Though the proportion of carbon in 
the living community is small relative to the the detrital component, it 
is important in maintaining exchanges between particulate and dissolved 
detrital carbon, and so is important in determining the functional 
character of aquatic ecosystems (Likens 1975a).
Rates of carbon assimilation in phytoplankton communities form the 
basis for evaluating the overall level of metabolism within a lake, 
particularly in oligotrophic lakes (Wetzel 1983). A understanding of 
the abiotic controls involved in regulating phytoplankton productivity 
is essential in any appraisal of lake trophic status. Latitudinal 
differences and seasonal patterns in incident solar fluxes are imp»rtant 
in explaining both global and seasonal variations in lake productivity
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Brylinsky and Mann 1973; Wetzel 1983). However, regional differences 
in external nutrient loading (and internal cycling rates) are probably 
more critical in regulating trof^ic status of lakes with similar 
irradiance (Likens and Bormann 1974; Likens 1975a; Vollenweider and 
Kerekes 1980).
Phytopiankton periodicity
Seasonal periodicity in phytoplankton populations of temperate, 
dimictic lakes often exhibit regular, cyclic changes in biomass and 
species composition which are asynchronous with rates of productivity 
(e.g. Lund 1964; Moss et al. 1980; Wetzel 1983). After a low growth 
period in winter, a biomass peak is typical in spring, correlating with 
increases in light and temperature. An abrupt decline (perhaps related 
to nutrient depletion or increased grazing) with lower summer biomass 
might follow, and then a later summer or autumn resurgence. Ibtal 
biomass is generally reduced with the upwelling of cold water during 
fall overturn. Obviously, these generalizations ignore the floristic 
differences between lakes; for example, the occurrence of autumn biomass 
peaks has been shown to vary even within different subbasins of a given 
lake, with fall biomass peaks in the more eutrophic regions but absent 
from the more oligotrophic regions (evg. Stockner and Shortreed 1975). 
Changes in the comm unity composition of perennial and intermittent 
species are more difficult to generalize (Wetzel 1983). Small 
flagellates (e.g. Cryptophyceae, Dinophyceae) frequently prevail in 
winter (and deepwater) communities, apparently well-adapted to low light 
and temperature levels (cf. Tangen and Bret turn 1978; Priscu 1984). A
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few large diatoms (evg. Asterionella, Fragilaria, Synedra) often 
dominate the spring bloom, but these may decline in response to density- 
dependent reductions in silica concentration (ejg. Lund 1964), or other 
factors (ewg. sinking) when silica is not limiting (Kalff and Knoechel 
1978; Tilman et al. 1982). Small species with short life cycles are 
favored in warmer summer water, in part due to the high loss rates 
incurred from sinking out of the epilimnion (cf. Reynolds 1984). A 
common sequence in the summer epilimnion might consist of Chlorophyceae 
followed by nitrogen-fixing (heterocystous) bluegreens (Cyanop^iyceae) if 
N:P ratios decline (Schindler 1981). Diatoms often recover to dominate 
the autumn maximum in oligotrophic lakes (Wetzel 1983).
The Whitefish Lake Basin
Natural lakes are a prominent feature of the glaciated landscape in 
western Montana, but their properties as ecosystems coupled to the air 
and landscapes are essentially unknown, with the notable exception of 
one of the largest freshwater lakes west of the Continental Divide, 
Flathead Lake (see Potter and Stanford 1975; Stanford et al. 1983). 
Whitefish Lake lies north (upstream) of Flathead Lake on the Whitefish 
River, and is important as a recreational lake, widely used for summer 
boating, swimming and fishing pursuits; local winter activities are 
stimulated by the Big Mountain Winter Sports Area. The lake also serves 
as a seasonal source of drinking water, during the snowmelt period when 
total suspended solids levels are high in the Whitefish municipal 
watershed (Haskill Creek, east of the lake basin). Most of the lake's 
drainage basin consists of unpopulated forest lands with some
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
development (ejg. gravel roads, timber harvesting). Growth of the local 
population, along with expansion of housing and recreational facilities 
is occuring. Response of the lake ecosystem to these changes is 
expected (ê g, as a result of increased nutrient loading). Recent work 
on Flathead Lake has demonstrated trends indicative of early 
eutrophication (ê g, shoreline algal blooms, increased nutrient loads) 
which are apparently related to population growth, and development of 
land and forest resources in the upper Flathead River Basin; Stanford et 
al. 1983). This study was designed to introduce a comparative 
limnological baseline for Whitefish Lake using an ecosystem-level 
approach (cf. Vallentyne 1981) in hopes of providing the information 
needed to recognize (and perhaps to prevent) premature eutrophication.
Study Approach
To document lake metabolism, an integrated analysis of physical 
properties, nutrient sources and fluxes, and algal community 
productivity and composition was used. Measurement of temperature and 
dissolved oxygen profiles indicated the variable physical structure 
underlying seasonal lake dynamics. Routine observations of solar 
irradiance were essential in evaluating the vertical and seasonal 
photosynthetic responses of pelagic phytoplankton (Likens and Bormann 
1979). Chemical analyses of macronutrients in the lake, in the primary 
inlets and the outlet, and in atmospheric precipitation, were combined 
with measured components of the seasonal water balance to provide 
estimates of annual nutrient fluxes (cf. Likens 1975b). Seasonal 
dynamics in productivity, composition and biomass of pelagic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
phytoplankton communities, and biomass distributions of littoral 
periphyton communities were used to document the composite effects of 
the measured environmental conditions on the trophic foundation of the 
lake's biological community (cf. Wetzel 1983).
Objectives and Time Frame
îtie objectives of this study were:
(1) to develop an understanding of the phosphorus and nitrogen 
mass balances in Whitefish Lake;
(2) to identify the relative importance of the major external 
nutrient sources emphasizing terrestrial (runoff) and 
atmospheric components;
(3) to document a temporal record of algal productivity and 
composition over one year;
(4) to document the trophic status of Whitefish Lake, based on 
synthesis of temporal biophysical data;
(5) to further current understanding of the structure and 
functioning of the Flathead Lake-River ecosystem by 
comparison of limnological conditions between Whitefish and 
Flathead Lakes,
The study began in August, 1982 with field work concluding in 
December, 1983. Samples of specific biophysical variables occurred on a 
prescribed schedule (see below).
6
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STUDY AREA
Whitefish Lake (48°27'N 114°23'W) in northwestern Montana is 
impounded on the southern end by a low recessional moraine from 
Pleistocene glacial activity (Johns 1970). Cbniferous forests surround 
the lake, which is situated at an elevation of 913 m at the southwest 
end of the Whitefish Range. Ihe valley floor is the down thrust fault 
block of a major structural feature known as the Rocky Mountain Trench, 
The recent glaciation (concluding approximately 10,000 years ago) has 
heavily influenced the regional geology with thick deposits of 
unconsolidated glacial tills underlying the lake and most of its 
drainage basin. The highly permeable tills were derived from 
Precambrian parent material (the Belt Series) composed of argillites 
(metamorphosed shales) and dolomitic limestones (see Ross 1959, Johns 
1970) .
The town of Whitefish, Montana (1980 population 3,703), is located 
on the south end of the lake and is built on and around the glacial 
moraine, which impounds the lake. Shoreline housing is primarily 
limited to the northeastern shoreline and the southeastern shore from 
the outlet to between sites K and L (Figure 1). The remainder of the 
southwest shore between sites J and K (Figure 1) is undeveloped.
The lake occupies 4% of its drainage basin with a surface area of 
13.21 km^. It has a maximum length of 9.3 km, maximum width of 2.2 km, 
mean depth of 32.8 m, maximum depth of 67.7 m, and a volume of 433 x 10^ 
m \  Sampling and measurements were carried out at two primary sites: 
the south midlake site (F, Figure 1) located halfway between Carver Bay 
and Beaver Bay in 50 m of water; and the north midlake site (E) situated










Figure 1. Bathymetric map of Whitefish Lake, Montana. Depth values are 





D) Whitefish River (outlet)
pelagic sites
E) north midlake (67.7 m)





I) Swift Creek 
J) Inez Point
K) Beaver Bay 
L) Dog Bay 
M) Outlet 
N) Monks Bay 
O) Carver Bay
p) Hellroaring (SE of creek)
directly out from the Hellroaring Creek inlet, about one—third of the 
distance to the opposite shore in the deepest part of the lake (67.7 m).
8
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Swift Creek, the lake's main tributary, is a fourth-order stream 







Figure 2. The drainage basin of Whitefish Lake showing topographic 
division of the major tributary watersheds (dashed lines).
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elevations ranging from 2000-2500 m along the Whitefish Range. Lazy 
Creek is a second-order 'springcreek* draining lowlands (ca. 900-1200 m) 
covering 42 km^ (13% of the basin). Many smaller shoreline creeks (some 
ephemeral) makeup the remaining 67 km^ (20% of the total drainage area), 
all in the immediate lake vicinity. Hellroaring Creek (8.3 km^, 2.5%) 
is one of the larger of these auid was monitored briefly to interpret the 
role of small catchments in the hydrologie and nutrient balances of the 
lake.
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
METHODS
Physical properties of the Lake and Watershed
Measurements of water column physical characters were made at two 
midlake sites (Figure 1) for most parameters, profiles of temperature, 
dissolved oxygen, and specific conductance were gathered using a 
calibrated electronic field meter (Hydrolab Surveyor model 6D). Oxygen 
saturation (%) was determined using a regression and nomograph method 
described by Mortimer (1981). profiles of photosynthetically active 
radiation (PAR^, 400-700 nm; south midlake onl^ and concurrent surface 
measurement of incident solar PAf^ were obtained with an integrating 
quantum sensor (Licor model LI-188). Surface PAR fluxes were measured 
during midday primary productivity incubations (ca. 4 hours at 10-15 
minute intervals) and average hourly flux rates determined by 
planimetric integration, profiles of water clarity were measured with a 
digital turbidity meter (Kahlsico) during the spring runoff to detect 
suspended sediments. The instrument employs a portable light source and 
photometer to measure transmittance (%) through a one meter path of 
water; it was precalibrated to 100% transmittance in tapwater from a 
nearby spring source at the Flathead lake Biological Station. Mean 
vertical extinction coefficients for the upper 30 m of the water column 
were determined by calculating the slope of the regression: In PAR^
versus depth (z), (cf. Stockner and Shortreed 1975), excluding values 
from 0-1 m due to complications of surface reflection (Wetzel 1983).
Stream discharge was monitored at Swift and Lazy Creeks (the 
primary inlets) and the Whitefish River (outlet) for the duration of the 
study (Figure 1). Hellroaring Creek was monitored briefly (during peak
11
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runoff season) to evaluate the effects of smaller, ungauged catchments 
on the water balance of Whitefish Lake. Current velocity measurements 
were made across a measured cross section of each stream channel with 
portable flowmeters (Weather Measure model F581-B, General Oceanics 
model 2030). During periods when velocity wasn't measured, indirect 
streamflow estimates were provided by routine monitoring of water levels 
(staff gauge), by incorporating these into simple stage-discharge 
relations developed for each site (cf. Gregory & Walling 1973; Linsley 
et al. 1975). Specific conductance (later corrected to 25®C) was also 
monitored at each site with a portable meter (YSI model 33).
Hourly total solar radiation values (pyranometer, 300-2800nm) 
were obtained from a monitoring site at the Kali spell airport (13 km 
southeast of Whitefish Lake), which was maintained by the Montana Air 
Quality Bureau. Daily precipitation was monitored near the lake outlet 
by volunteer observers for the National Weather Service (U. S. 
Department of Commerce, NOAA 1982,1983).
Mac ronutrients
Water from the north and south midlake sites was retrieved in 
discrete samples of the epilimnion (10 m), and hypolimnion (45 m (S), 55 
m (N)) with an acid-rinsed, opaque 3~liter van Dorn bottle, instream 
grab samples were collected from the lake inlets and the outlet, which 
combined with stream hydrographs, permitted quantification of fluvial 
nutrient inputs and outputs.
Lake and stream samples were put into polyethylene sample bottles 
(2-liters total). These were precleaned with hot 10% Hd, well-rinsed
12
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with deionized water, and finally rinsed twice in the field with sample 
water before samples were obtained. Organic carbon samples were put in 
500 ml Teflon or glass BOD bottles. All samples were kept on ice in 
coolers until returned to the lab (Flathead Lake Biological Station, 
Freshwater Research Laboratory), where they were stored overnight at 
4°C. Most analyses of the samples were run within 48 hours, portions 
of each sample were preserved according to EPA guidelines (cf. Stanford 
et al. 1985) for some variables (i.e. total Kjeldahl nitrogen (TKN) and 
organic carbon) not analyzed within 24 hours.
All chemical analyses were performed by trained analytical 
personnel at the Freshwater Research Lab, following procedures described 
in Stanford et al. (1985) and summarized in Table 1, Samples were 
analyzed for pH, CO3 alkalinity, particulate and dissolved organic 
carbon (POC, D O O , nitrates (NQ3HN), sulfates (SO^-S), TKN, soluble 
reactive phosphorus (SRP), total phosphorus (TP), and total suspended 
solids (TSS, during peak runoff).
Bulk precipitation (combined wet and dryfall) was collected for 
nutrient analyses from two sites (see Figure 1): near the Swift Creek
inlet (north shore, H), and at the Whitefish River outlet (south shore,
G). The inputs were collected with polyethylene funnels (27 cm 
diameter) and stored in 2-liter polyethylene bottles (cf. Likens et al. 
1977). A filter (1 mm mesh, 7 cm diameter) was attached inside each 
funnel to prevent insects and larger forest canopy debris (e.g. leaves, 
sticks) from entering. Sampling frequency was dictated by precipitation 
intensity, with approximately 3.5 cm required to fill the 2-liter 
bottles (enough for chenical analyses),
13
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Table 1. Summery of chemical methodology.
Parameter Methods (References) Instrumentation
pH electrometric, glass probe (3) Coming Digital 109 pH meter 
Orion pH electrode 91-15
COj alkalinity electrometric, glass probe 
titration (1.3,4)
Coming Digital 109 pH meter 
Orion pH electrode 91-15
Organic carbon (DOC, POC) wet chemical oxidation, 
IR detection of CO^ (2.3)
Oceanography International Corpora­
tion 05 24 B Total Carbon System
SO4-S ion chromatography (3) Dlonex Ion Chromatograph 16 Hewlett-Packard 33S8/3388A 
Integrator
NOj-N Ion chromatography (3) Dlonex Ion ChrcnaCograph 16 
Hewlett-Packard 33S8/3388A
Total Kjeldahl nitrogen (TKN) macro-KJeldahl (1.3) Bucchl 320 «2 Distillation Unit 
Perkln-Elner Lambda 1 UV-VIS 
Spectrophotonecar
Orthophosphate (OP) ascorbic acid (1.3) Perkln-Elner Lambda I ÜV-VIS 
Spactrophocomecar
Total phosphorus ascorbic acid with 
persulfate digestion (1,3) Perkin-EIoier Lambda 1 UV-VIS 
Spactrophocometar
Total suspended solids (TSS) gravimetric (1.3) MeCtler H33 analytical balance
(1) American Public Health Association (1960)
(2) Menzel and Vaccaro (1964)
(3) Stanford et al. (1985)
(4) U. S. Environmental Protection Agency (1979)
ïb determine the lake's phosphorus and nitrogen mass balances, 
measured concentrations of phosphorus (TP) and nitrogen (estimated as TO 
= TKN + NOg-N) were weighted by volume of water flux for each sample 
interval; the individual nutrient mass fluxes were then summed to give 
annual flux estimates (cf. Likens et al, 1977). Streamflow nutrient 
fluxes (TP, TO) were estimated by multiplying mean concentrations for a 
sample interval (e«g. t^ to t^^^) by calculated flow volume during the 
same time interval (hydrograph intervals were integrated by planimetry). 
Phosphorus and nitrogen fluxes in bulk precipitation were determined by 
multiplying mean (north and south shore) concentrations by the recorded 
volume of precipitation at the south shore (daily National Weather 
Service observations), and then extrapolating these to the lake surface.
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Primary productivity of Phytoplankton
Net phytoplankton productivity was estimated with Jji situ 
incubation of natural comminities in light and dark bottles using a 
labeled carbon isotope (^^C). Etiotosynthetic uptake of dissolved 
inorganic carbon was determined by laboratory measurement of the labeled 
proportion of algal-assimilated carbon, since respiration cannot be 
measured with the method, there is no concensus as to whether the 
values represent gross or net photosynthesis: net rates assume complete
reassimilation of algal-respired OOgf while gross rates assume no 
reassimilation of that OO2 (see Hall and Moll (1975); Peterson (1980), 
For comparative purposes net productivity rates are commonly assumed 
(cf. Likens 1975b; Wetzel 1983).
In the field duplicate samples were retrieved from the south 
midlake site at 1, 2.5, 5, 1 0 , 2 0 , and 30 meters in an opaque, acid- 
rinsed 3-liter Van Dorn bottle. The samples were transferred into clear 
and opaque glass BOD bottles (Wheaton 300 ml), which had been precleaned 
with HCl, followed by two hot and three deionized water rinses in the 
lab, and two final rinses with sample water in the field. After 
inoculation with a known quantity of (20 uCi, later reduced to 12 
uCi) as NaHOO^, the samples were returned to the water column (each at 
its original depth) for a four-hour midday incubation. Following 
incubation, sanples were fixed (killed) by acidification (HCl to < pH 
2.0), and then returned to the laboratory for analysis.
Carbon uptake rates were determined in duplicate, 10 ml subsamples 
from each light and dark bottle by first purging the remaining 
(unassimilated) inorganic carbon (^^002) by N2 bubbling (Schindler et
15
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al, 1972), and then quantifying the contained in algal cells by 
liquid scintillation counts (Beckman LS 7500). Values from dark bottles 
were substracted from those of the light bottles to correct for abiotic 
interferences (ejg. adsorption on sediments and bottle walls). E*ossible 
interferences from bacterial contamination of the stock solution 
were monitored with a prekilled (4% neutralized formalin) duplicate of 
the 10 m sample. Sensitivity of this method was ca. 0.01 mg C m~^ day”  ̂
(Wetzel and Likens 1979), which allowed for detection of small 
differences that could be expected with low light intensities in 
oligotrophic water. Hourly productivity rates were calculated using the 
equation given by Keller et al. (1981). Expansion to day rates 
incorporated a factor equal to the ratio of total daylight insolation to 
average hourly irradiation during the incubation period (by planimetry 
of daylight and incubation periods on total solar radiation curves (cf. 
Wetzel and Likens 1979)). Areal rates were based on integrated 30 m 
depth profiles (i.e. the approximate annual limit of the compensation 
depth). Estimates of annual productivity were obtained by planimetric 
integration of the plot of daily, areal rates.
phytoplankton Biomass and Composition
Water for i^ytoplankton samples (250 ml) was collected from 10 m 
at the south and north midlake sites (F, E: Figure 1) with a 3-liter Van 
Dorn bottle. A series of 15 duplicate sample sets were collected from 
August 1982 to October 1983, and were preserved on-site with Lugol's 
solution (to a final preservative concentration of 1%, duplicate A), and 
neutralized sucrose formalin (to 4% final concentration, duplicate B)
16
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using formulas given in Lind (1979). Use of the two preservatives 
permitted the advantages of a starch test in the Lugol's sample, useful 
in distinguishing some Chlorophyceae and Cryptophyceae; and of 
potentially better color rendition in the formalin sample.
Algal composition and biomass were evaluated for the south midlake 
samples only, with sedimentation of 100 ml subsamples and enumeration by 
inverted phase microscopy (UtermÜhl technique) following techniques 
given in Wetzel and Likens (1979). Specific cell volumes were 
determined for each sample by measurement of the major cell axes and 
incorporation of these into simple geometric formulae (ejg. sphere, 
ellipsoid, cylinder, cone). Regular grid patterns of approximately 20 
fields were counted (at each of three magnifications) for the settled 
samples: 100x, 250x, 400x (Leitz Diavert); or 140x, 280x, 560x (wild
M40). A minimum of 100 each of most of the quantitatively important 
species were counted in each sample, giving approximate 95% confidence 
limits of + 20% for the biomass estimates (Lund et al. 1958; Hobro and 
WillÀi 1977). Species identification of preserved samples followed 
Smith (1950), Prescott (1962, 1978), Weber (1971), and Whit ford and 
Schumacher (1973).
Distribution of periphyton
Relative spatial and seasonal differences in net biomass 
accumulation of benthic algae (p>eripdiyton) were surveyed by pigment 
extractions of commmities reared on artificial substrata (10 x 12.5 cm 
roughened plexiglass plates). Net monthly accrual of photosynthetic 
pigments was measured to reflect horizontal or temporal differences in
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
growth of the benthic producer communities (as a composite of 
colonization, production, and losses), pigment measurements were 
corrected for the presence of inactive chlorophyll degradation products 
(phaeopigments), since these have a similar absorption spectrum as 
active pigments, and might otherwise interfere with measurement of 
viable chlorophyll (Sorsa 1979; Round 1981; Wetzel 1983).
At each of the eight shoreline sites (Figure 1), four plates were 
attached to a cement block at 1 m depth. Colonized plates were 
retrieved in approximately two-month intervals (required for 
accrual of enough biomass for spectrophotometric analysis). Samples 
were transported on ice to the Freshwater Research Lab in specially 
constructed boxes to keep them in total darkness. They were deep frozen 
(below -20®C) in total darkness until lab processing.
Quantitative extraction of chlorophyll pigments in absolute 
methanol (1 hour, 20^0 followed the methods of Holm-Hansen and Riemann 
(1978). Spectropho tometr ic determination (Perkin-Elmer model 559 UV- 
VIS) of chlorophyll a and phaeopigments in 90% methanol, with subsequent 
acidification to 10"^ M Hd, used procedures tested by Marker et al. 
(1980a) and Marker and Jinks (1982). Calculation of benthic pigment 
concentrations followed the original equation of Lorenzen (1967), with 
the modifications of Marker et al. (1980b) and Marker and Jinks (1982). 
Spec tropho tometr ic estimates of pigments in 90% methanol have been 
found to compare favorably with the more common acetone procedure, with 
a predictive error of + 15% (95% confidence limits. Marker et al. 1980).
18
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Sampling Schedule
Trips were made to Whitefish Lake about every two weeks throughout 
the study period, July 1982 to December 1983 (Table 2). Most of the 
required measurements were obtained monthly, except during the snowmelt 
runoff period when more frequent analyses were necessary (Table 2).










I VIII 82 X X X X X X9 IX 82 X X
17 IX 82 X X X X
3 X 82 X
25 X 82 I s X6 XI 82 X X X X X X
29 XI 82 s
5 XII 82 T X X X X
19 XII 82 T X X X X
21 XII 82 s 1
13 I 83 I
3 II 83 X X X X X
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12 III 83 X X
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10 V 83 X
20 V 83 X
22 V 83 X X X X X X
6 VI 83 X X X X X X X X
29 VI 83 X X
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26 Vlll 83 X X X
13 IX 83 X X X X X X
3 X 83 s X
31 X 83 X s X X X
9 XII 83 X X X
T - cenperaturc only; S ■ stags reading; I - inscallaclon
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RESULTS AND DISCUSSION 
Thermal Stratification
isotherms for the south midlake site showed that firm thermal 
stratification had developed by August 1982, and persisted into 
September, with surface temperatures at their seasonal high (ca. 18-20 











Figure 3. Depth-time isotherms (®C) at the south midlake site (F) in 
Whitefish Lake, 1982-83, Solid circles on x-axis indicate dates of 
sampl ing •
Cooling of the epilimnion with lowering and degradation of the 
thermocline occurred gradually through the fall, until the lake became 
isothermal (5 with complete circulation in early December (Figure 
3). Weak, inverse stratification began to appear later in December with 
a well-mixed (isothermal) epilimnion occur ing through March 1983, due to 
the absence of an ice cover over most of the lake surface (usually the 
lake is frozen by January). The most stable winter profile was observed
20
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in early February, when the coldest surface temperatures (ca. 2°C) were 
recorded. Surface warming proceeded until the lake was again isothermal 
(4°Q in early April, The spring circulation period was followed by 
additional surface warming, redevelopment of the thermocline, and an 
increase in thermal stability through August 1983, when the warmest 
surface temperatures (ca. 20°C) occurred. A gradual cooling period 
followed in autumn with somewhat warmer temperatures than in the 
previous year, but free circulation recurred by early December 1983.
The annual stratification regime in Whitefish Lake was therefore 
dimictic (cf. Lewis 1983), with December and April overturns, but with 
some mixing of the upper water column during the 1982-83 winter (since 
the pelagic sites remained unfrozen).
Dissolved oxygen Dynamics
The distribution of dissolved oxygen through a water column can 
reveal the fundamental character of lake metabolism through the balance 
resulting from photosynthesis and respiration. Water temperature 
influences the distribution of dissolved oxygen with spatial and 
temporal differences in solubility, and through complete vertical mixing 
as dissolved gases throughout the lake are brought to equilibrium with 
their atmospheric partial pressures (e.g. Mortimer 1981).
Dissolved oxygen profiles for the south midlake site exhibited a 
strong metalimnetic peak in August 1982 which persisted through the 
September observations (Figure 4). During the same period, a reduction 
in hypolimnion oxygen saturation occurred, with the sharpest decline 
occur ing near the sed iment-water interface (no reductions were observed
21











Figure 4. Deptl>-time isopleths of dissolved oxygen (% saturation) at 
the south midlake site (F) in Whitefish Lake. Solid circles on x-axis 
indicate dates of sampling.
in the deeper, north midlake profiles). The oxygen reduction was most 
pronounced from September until November 1982, with dissolved oxygen 
near the sediments at 50 percent of the equilibrium attained during the 
previous (spring) circulation period, ihe early November epilimnion was 
deep and nearly saturated with atmospheric oxygen due to advective (ewg. 
wind, stream flow) and convective (cooling and evaporation) mixing (cf. 
Carmack and Farmer 1982; Wiegand et al. 1982). However, below the mixed 
layer, oxygen levels exhibited a near uniform decline to the lake bottom 
(Figure 4). During the December circulation period, mixing of the 
entire water column broight oxygen levels near saturation (ca. 80-90%). 
Following the overturn, higher oxygen levels (ca. 90-100% saturation)
22
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predominated in the winter epilimnion, presumably due to increased 
photo synthetic activity. At the same time a slightly reduced oxygen 
content was measured in the hypolimnion, with lows averaging 80% 
saturation near the bottom, in April, the spring overturn remixed the 
water column, bringing the full profile to equilibrium with atmospheric 
oxygen. As thermal stratification began to develop (late May), oxygen 
in the epilimnion became supersaturated with respect to atmospheric 
partial pressures. Supersaturation (100-115%) persisted in the upper 
water column (i.e. above 20 m) through October, though slightly reduced 
values were apparent in the warm surface layers of July and August. 
Profiles measured from August through October 1983 showed that 
reductions in hypolimnetic oxygen recurred, though oxygen levels near 
the bottom were slightly higher than during the previous year. Oxygen 
saturation near the sediment-water interface recovered from 57% in late 
October, to 84% in December 1983 with the autumn overturn.
Biological consumption of oxygen occurs throughout the water column 
in most lakes, often dominated by bacterial mineralization of 
sediment ing organic matter. Normally, respiration is most intense 
during late summer months in association with high algal sedimentation 
rates (Wetzel 1983). in the epilimnion where light levels are 
favorable, respiratory demands are offset by p^o tosyn the tic oxygen 
yields (and reaeration with mixing). But, in the hypolimnion, light may 
be insufficient for photosynthetic compensation of respiratory oxygen 
demands, and an oxygen deficit may occur, in highly oligotrophic lakes 
there is very little organic matter to support dense bacterial 
populations and dissolved oxygen remains near saturation. But, in
23
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highly eutrophic lakes, dense bacterial populations associated with high 
amounts of algal biomass can deplete hypol imnetic oxygen levels to zero 
(anoxia). Lack of oxygen in the hypolimnia of lakes excludes most 
animals and some plants from these waters, and reduces the efficiency of 
organic matter decompositon, and ultimately, of ecosystem metabolism 
(i.e. transfer of energy through higher trophic levels).
While anoxic conditions weren't observed in the hypolimnion of 
Whitefish Lake, there were differences from the hypolimnia of 
oligotrophic lakes, which are saturated (ca. 100%) throughout the year, 
in Flathead Lake, oxygen concentrations in the hypolimnion remain 
saturated year-round, even though cultural disturbances (ewg, 
accelerated phosphorus loading) have caused other symptoms of 
eutrophication (e.g, shoreline algal blooms; Stanford et al. 1983). In 
light of this, the recurring hypol imnetic oxygen reductions in Whitefish 
Lake are convincing evidence of a transitory stage in eutrophication. 
Comparison of morphometric differences between the two lakes might offer 
further explanation for the observed differences in oxygen saturation. 
The relative depth (z^ax ^ percentage of mean diameter) of Whitefish 
Lake (1.63%) is greater than that of Flathead Lake (0.46%) indicating 
that Whitefish is less prone to reaeration by wind mixing, and more 
likely to exhibit hypolimnetic oxygen reductions than Flathead under 
comparable biological oxygen demands.
Water Balance
Ihe water balance of Whitefish Lake was primarily dependent on 
stream inputs from Swift and Lazy Creeks, and outflow by the Whitefish
24
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River (Figure 5). Swift Creek contributed two-thirds of the lake's 
estimated input for the 1983 water year (191.2 x 10^ m^), while Lazy 
Creek contributed 13% of this total, ihe remaining inputs were derived 
from shoreline creeks (ca. 16%) and directly from precipitation (4%),
3 0
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Figure 5- Hydrologie relationships of the Whitefish Lake drainage 
basin, 1982-83. Stream flow hydrographs are shown above for Swift Creek 
and Lazy Creek, and below for the whitefish River at the lake outlet.
Annual precipitation at a station near the lake outlet totalled 59.5 cm 
(Figure 6) mostly as rainfall, but with snow (and some rain) occuring 
from mid-November 1982 through April 1983 (N. Kurtz, personal
25
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communication). Outflow via the Whitefish River was estimated at 81% 
(156.5 X 10^ m^> of total inputs, with approximately 5% lost in 
evaporation (estimate based on data given by Andersen and jobson 
(1982)). Itie remainder of the lake outputs (ca, 14%) may have 
represented groundwater losses, or error in individual estimates. 








Figure 6, Daily precipitation measured near the lake outlet on the 
south shore (Whitefish, Montana - from U.S. Department of Commerce 1982, 
1983). Data for July 10-31, 1983 were estimated from the average of 
three nearby stations (Kalispell airport, olney, and Big Mountain Road 
(J, Johnson, personal communication) ).
The May-june 1983 runoff peak for Swift Creek (Figure 5) resulted 
mainly from a rapid melt of high altitude snowpack accumulations; a 
common feature in Rocky Mountain streams. Increases in suspended 
sediments (Appendix A. 11) accompanied the rising stage of the Swift 
Creek hydrograph, due to erosion of upstream river banks (B, Schultz, 
personal communication). Inflow from Swift Creek exceeded outflow by 
the Whitefish River during the peak flow period, Itie difference may 
have been due to a sudden (but tempororary) increase in lake surface 
storage as the meltwater volume filled the lake faster than it could
26
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drain out the constricted outlet (cf. Myrup et al. 1979; FitzGibbon and 
Dunne 1981), Average yearly lake level fluctuations of 1.4 m recorded 
for the period of 1957 to 1970 (U. S. Department of Agriculture 1970) 
would be sufficient to account for the accompanying change in lake 
storage. Following the runoff peak, surface storage was gradually 
reduced as Whitefish River outflow exceeded measured inputs (Figure 5).
Chemical Dynamics
Differences in nutrient outputs from the tributaries indicated the 
varied nature of their watersheds. Swift Creek displayed greater 
relative variations in average particulate concentrations than the other 
inlets (Table 3), due to its extreme discharge amplitude. The larger 
size and elongated shape of the Swift Creek drainage basin may have 
accentuated streamflow responses (e.g. causing delayed and high- 
amplitude flows) to melting snowpack or rainfall events in the upper 
basin. Lazy Creek had higher average concentrations of most nutrients 
than either Swift or Hellroaring Creeks, and was discolored (brown) by a 
higher content of dissolved organic carbon (DOC). These characters are 
indicative of a naturally productive (eutrophic) drainage system common 
to low-relief terrain with areas of standing water.
The influence of spring runoff was evident with high annual 
variability of the measured chemical constituents in the inflowing 
creeks (Table 3), as concentrations changed markedly in comparison to 
baseflow values, particulate concentrations in streams increased during 
the peak flow period in response to mass wasting (i.e. streambank 
failure) and attendant fluvial transport of sediments. Concentrations
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of dissolved nutrients (e^, organic carbon (DOC), nitrate, soluble 
reactive phosphorus and sulfate) also responded to stream flow with 
increased levels during baseflow (primarily in winter) and some dilution 
during the highest flows in May and June 1983 (see Appendix A).
Table 3. Average eoncexicratlaaa of various dissolved and parclculace constituents in water samples obtained in 
tioe-eeries sampling sites A-F (see Figure 1) on Whitefish L^e during 1982-83. Standard deviation <S) 





















A-Swlfc Cr. 7.91 72.9 0.26 1.48 0.04 0.07 1.7 12.5 0.51 28.5(.20;13) (7.2:12) (.22:13) (.99:11) (.02:15) (.04:15) ( .8:15} (12.0:15) (.06:15) (43.4;9>
B-Lazy Cr. 7.91 114.8 0.35 3.02 0.03 0.14 5.6 19.0 0.67 1.6



















E-Epilimnion 7.99 80.6 0.27 1.52 <.02 0.09 <1.0 6.9 0.58
(North) (.10:13) (3.6:12) (.20:12) (.28:12) (.00:15) (.03:15) (.0:15) (2.9:15) (.06:15)
E-Hypollnnlon 7.85 82.1 0.12 1.52 .02 0.08 1.0 6.4 0.60(North) (.14:13) (2.8:12) (.10:13) (.25:12) (.00:15) (.02:15) (.1:15) (2.1:15) (.05:15)
F-Epilimnion 8.00 80.3 0.26 1.64 .02 0.09 1.0 7.3 0.58(South) (.15:16) (4.1:16) (.19:12) (.42:12) (.00:15) (.02:15) (.1:15) (2.5:15) (.07:15)
F-Hypollonion 7.84 82.2 0.12 1.44 .02 0.08 <1.0 7.0 0.61
(South) (.21:13) (1.8:12) (.06:13) (.43:12) (.01:15) (.03:15) (.0:15) (2.1:14) (.07:15)
D-Whlteflah R. 8.03 81.3 0.24 1.51 <.02 0.09 <1.0 6.3 0.58 1.3
(.14:13) (3.0:12) (.18:13) (.31:12) (.00:15) (.02:15) (.0:15) (1.7:15) (.06:15) (0.7:5)
particulate organic carbon 
^dissolved organic carbon 
t̂otal Kjeldahl nitrogen 
ŝoluble reactive phosphorus 
t̂otal phosphorus 
t̂otal siMpended solids
within the lake^ integration of tributary waters was apparent with 
only slight spatial differences in annual averages of most chemical 
constituents (Table 3), Average nutrient concentrations at the north 
and south midlake sites (E and F; Figure 1) were similar, though the 
the influence of nutrient inputs from Swift Creek was sometimes more 
evident at the nearer (north) site (e.g. Appendix A.9). Annual averages 
in the lake outlet were similar to pelagic (especially epilimnion) 
values for most constituents, but phosphorus (TP) values were slightly 
lower. Vertical differences in the water column were more distinct.
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Particulate organic carbon (POC) levels in the epilimnion were 
consistently higher than in the hypolimnion at both sites, probably 
reflecting the predominance of community respiration in the lower water 
mass, and breakdown of sedimenting organic materials. Dissolved 
nutrient concentrations in the hypolimnion were not greatly altered by 
decomposition of POC at either lake site, although sulfate (SO^), and 
alkalinity were slightly higher.
Phosphorus is commonly recognized as the nutrient limiting algal 
productivity in temperate (especially oligotrophic) lakes (e,g,
Schindler 1977), but nitrogen limitations can occur when phosphorus 
availability is high relative to that of nitrogen (Schindler 1981;
Wetzel 1983). Blooms of nitrogen-fixing (heterocystous) bluegreen algae 
can occur when the nitrogen to phosphorus ratio is reduced below 10 : 1 
by weight (cf. Schindler 1981). Locally, in Flathead lake, algal 
bioassays have shown that low levels of soluble reactive phosphorus 
limit algal production (Ellis and Stanford, unpubl.). In Whitefish 
Lake, phosphorus (TP) concentrations for all water column values 
averaged 6.9 ug/1 (s = 2.4; n = 59: epilimnion and hypolimnion samples,
north and south midlake sites), which was very similar to the 5—year 
average reported for Flathead Lake (7.2 ug/1: Stanford et al. 1983). 
Ibtal nitrogen concentrations in Whitefish Lake averaged 106 ug/1 (s =
27 ug/1; n = 60), also similar to Flathead Lake (111 ug/1: Stanford et
al. 1983). The mass ratio of nitrogen to phosphorus (IW : TP) averaged 
17.0 : 1.0 in Whitefish Lake (s = 6.0; n = 59), compared with 16.1 : 1.0 
in Flathead Lake. Since phosphorus and nitrogen levels in the two lakes 
were similar, and characteristic of oligotrophic conditions (e.g. Likens
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1975), it is likely that phosphorus was the nutrient most often limiting 
phytoplankton productivity and composition in Whitefish Lake, it is 
worth noting that both NOg-N and SRP values were consistently below 
detection limits {.02 mg/l-N, 1.0 ug/l-P; see Appendices A.6, A.8).
Ihus, the seasonal dynamics of these important ions and their relations 
to algal composition and productivity were unclear.
High concentrations of nitrogen (TKN) and phosphorus (TP) were 
measured in bulk precipitation (Table 4), indicating the importance of 
atmospheric loading to the lake's nutrient balance. Most values (TKN,
Table 4. Average concentratIona of chemical conatituents in aanplea of bulk precipitation at two aitea 
(G and H: Fig. 1) collected in time-aeriea on the ahoreline of Whitefiah Lake during 1982-83. 
Standard dcviationa (S) and aanple aize (n) are given in parentheaee.
pH Alkalinity Nitrate TKMl TF^ Sulfate
Site («mita) (ng/f CaCOg) (mg/f-N) (mg/t-N) (ng/f-F) (mg/C-S)
6 - South Shore 5.83 5.3 0.08 0.78 280.9 .48
(.50:9) (6.5:9) (.05:10) (.54:9) (289.8:10) (.59:10)
B - North Shore 5.09 4.0 0.07 0.64 137.5 .23
(.62;9) (8.6:9) (.04;10) (.38;9) (160.0:10) (.28;10)
Itotal Kjeldahl nitrogen 
total phoaphorus
TP, SO^-S) for the south shore site (G) averaged higher than the north 
site (H), with large standard deviations for both sites associated with 
seasonal variability in airborne particulates (ejg. wood smoke, dust, 
pollen, leaves). Average values for bulk precipitation at Flathead Lake 
also demonstrated high spatial variability (ê g. Stanford et al. 1983), 
but the ranges measured were similar to those measured at Whitefish 
Lake, especially those of the more remote north shore site (H), which 
may have been influenced less by emissions from the townsite.
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Mass Balance of Phosphorus and Nitrogen
TO determine the relative importance of different, external 
nutrient sources for a lake ecosystem, it is necessary to describe their 
seasonal hydrologie inputs, and to relate these to nutrient 
concentrations (measured in time-series) for each source. Estimates of 
annual nutrient loads for sources with seasonally variable inputs of 
water and riutrients require weighting (by volume) of a series of 
individual flux estimates for the sampling period (cf. Likens et al. 
1977). Weighted-mean concentrations are calculated by dividing the 
annual nutrient mass flux (ejg, load, kg/yr) by the annual water volume 
(m^/yr). Estimations of external nutrient fluxes from stream flow (Swift 
and Lazy Creeks, Whitefish River) and bulk precipitation were made using 
this approach, but no attempt was made to quantify groundwater fluxes 
(natural or sewage related).
Total phosphorus (TP) concentrations at the inlets (Figure 7) were 
directly related to stream discharge. The first phosphorus peak was 
recorded for both Swift and Lazy Creeks in the March 1983 sample, and 
was associated with increased stream flow during snowmelt in the lower 
elevations. The second peak, for Swift Creek only, occurred during the 
high-altitude snowmelt period (April-May). Lazy Creek had higher 
phosphorus concentrations than Swift Creek for most of the year, but 
Swift Creek's annual TP input was much larger than that of Lazy Creek 
due to much higher flow volumes, especially during peak runoff. The 
importance of Swift Creek in regulating lake phosphorus concentrations 
was implied by the similarity between IP concentrations in Swift Creek 
and the lake outlet during baseflow periods. Evidence of phosphorus
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retention in the lake was apparent by comparison of peak concentrations 
in the major inlets to the consistently lower and more stable values in 
the lake outlet (Figure 7). An earlier study on non-point nutrient 
sources in a portion of the upper Flathead drainage (Whitefish and 
Stillwater Rivers) estimated that 70% of the phosphorus (and sediment) 
inputs from Swift Creek were retained in Whitefish Lake (Bodmer and 
Stark 1980).
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Figure 7. Annual variations in total phosphorus concentrations (ug/1) 
for Swift Creek (open circles) and lazy Creek (solid circles) and the 
Whitefish River at the lake outlet (triangles).
Phosphorus contributions to the lake from bulk precipitation 
(dryfall and wet deposition) were estimated from samples collected over 
a nine-month period (Figure 8) at the north and south shores (sites G 
and H: Figure 1). Spatial differences were evident as south shore
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(site G) concentrations were higher than the north shore (site H) in 
eight of ten sampling periods. The weighted-mean TP concentration in 
samples from both sites was 182.8 ug/1; south shore concentrations 
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Figure 8. Seasonal variations in total phosphorus concentrations (ug/1) 
in bulk precipitation at the north and south shore collection sites, 
Whitefish Lake, 1983. Histograms represent average concentrations 
measured at the end of each collection period, the variable width of the 
histograms corresponds to the time required (11-48 days) to collect 
enough water for chemical analyses.
Thus, bulk atmospheric deposition resulted in much higher average 
phosphorus concentrations than those measured in stream inputs (see 
Tables 3, 4), especially during the April-May and September-October 1983 
collection periods. Samples collected from June through mid-September 
were distinctly lower, as were those in March and November. The high 
spring and fall TP concentrations were probably influenced by the
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location of collection funnels near deciduous tree canopies (at the 
south site in particular). During the April-May collection period 
inputs of cottonwood catkins (Populus balsamifera) at the north site, 
and resinous bud scales at the south site (Salix), prompted the 
installation (May 22) of 1 mm Nitex screens in the funnels at both 
sites. Despite this, pollen deposition was apparent in the May-june 
south shore sample, and leaves collected in the funnels during October.
Similar problems in collecting 'clean' bulk precipitation samples 
were encountered during long-term sampling in deciduous forested 
watersheds in New Hampshire (Hubbard Brook Experimental Forest; see 
Likens et al, 1977). Since the investigators were interested in bulk 
atmospheric inputs to the watershed-ecosystems (i.e. before interaction 
with forest canopies), grossly 'contaminated' samples were disregarded, 
with supplementary values provided by a large number of samplers placed 
in forest clearings. However, much of the seasonal vegetative addition 
to 'pure' atmospheric deposits recorded in this study was unavoidable, 
and was also apparent over much of the lake surface; thus, guarded 
interpretations of these 'naturally contaminated' samples should yield 
useful information. Extensive research on phosphorus transport and 
transformation in deciduous forested watersheds at Hubbard Brook (Meyer 
and Likens 1979) has demonstrated that precipitation chemistry can be 
considerably altered as it passes through a forest canopy, unaltered 
precipitation in the Hubbard Brook study averaged 4 ug/1 TP (range 1 - 
11 ug/1), while throughfall averaged 110 ug/1 (range 16 - 1500 ug/1) 
(Meyer and Likens 1979). If these results can be interpreted generally, 
then the high TP concentrations measured in this study (notably spring
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and fall south shore values) could represent throughfall (and 
particulate phosphorus from trees) and so might overestimate direct 
atmospheric inputs to the lake. However, since Whitefish lake is 
closely surrounded by a coniferous forest with deciduous vegetation 
along most of the shoreline, local forest debris may represent an 
important addition to the lake surface.
The estimated phosphorus load into Whitefish lake was approximately 
4660 kg/yr (Table 5). Stream flow contributions were estimated at about 
70% of the measured input (Swift Creek 53%, Lazy Creek 11%, other 
shoreline creeks (ca, 5%)). Average TP inputs from bulk precipitation 
accounted for 31% of the total input. Groundwater contributions were 
unknown, but may have been important considering the porous nature of 
the unconsolidated glacial deposits surrounding the lake. Shoreline 
septic systems could also represent an important phosphorus source.
Phosphorus export from the lake via the Whitefish River removed only 
24% of the measured inputs (Table 5). The remainder was probably 
retained in sediments and in the water column of the lake, though a 
portion may have been lost via groundwater outflow or inputs may have 
been overestimated.
The relatively large proportion of phosphorus loading from bulk 
precipitation (see Table 5) was a consequence of the high concentrations 
measured, presumably, much of this occurred as dryfall of natural 
atmospheric dusts, and pollen or other forest inputs. But, artificial 
atmospheric particulates (i.e. ash from wood stoves and slash burning) 
may have been responsible for much of the deposition (cf. Stanford et 
al. 1983).
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Table 5. Phosphorus mass balance for Whitefish 
(October 1, 1982 - October 1, 1983).











Swift Creek 128.3 19.4 2490 53
Lazy Creek 25.4 23.9 518 11
Hellroaring Cr. 4.6 7.2 33. <1
Other Runoff 25.0* -— 180^ 4
Precipitation 7.9 182.8 1437 IL
Tbtal inputC 191.2 24.4 4658 100
Losses





a estimate (.43 yr ) based on measured output per unit area
in other drainages (ejg. Swift Creek = .62 m^ m” ^ yr"^) 
b calculated from Hellroaring Creek data 
c not including groundwater flow
d estimate (.711 m/yr) from annual evaporation map of U.S.
(Andersen and Jobson 1982).
Watershed nutrient export coefficients can be used to compare mass 
inputs measured for different ecosystems. These are expressed as an 
annual input of mass per unit area of source (i.e. mg m"^ yr“ )̂, and 
were originally developed for estimating nutrient loads to water bodies. 
Few comparative data exist and these exhibit pronounced geographic 
variability (e.g. Rast and Lee 1983). Stream flow phosphorus export 
coefficients for Swift and Lazy Creeks (both ca. 12 mg m*~2 yr“ )̂ were 
within the ranges given for forested regions (Reckhow and Simpson 1980;
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Rast and Lee 1983). Average precipitation inputs of TP to Whitefish 
Lake (ca. 109 mg m”^ yr” )̂ were higher than the mid ranges (25 - 50 mg 
m”^ yr” )̂ given by the same authors. However, inputs of 100 mg 
yr”  ̂were reported for Lake Mendota, Wisconsin, 80% of the precipitation 
input being derived from dryfall (Sonzogni and Lee 1974).
Seasonal patterns in total nitrogen (IN) concentrations at the 
stream sites (Figure 9) were similar to the phosphorus patterns (see 
Figure 7). Nitrogen concentrations were generally highest in Lazy Creek, 
except during peak runoff (May) vhen IN levels in Swift Creek were only 
slightly higher (compare with Figure 7). Outflow values were 
consistently higher than baseflow input concentrations in Swift Creek.
0.4-1
•  LAZY CREEK 






Figure 9. Annual variations in total nitrogen concentrations (ug/1) for 
Swift Creek (open circles) and Lazy Creek (solid circles) and the 
Whitefish River (triangles) at the lake outlet.
This could indicate less retention of nitrogen than phosphorus in the 
lake, but may also represent unmeasured groundwater or gaseous (Ng) 
inputs to the lake from the atmosphere (as a result of mixing), since
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nitrogen cycling is not limited to the solid and dissolved phases as is 
pAiosphorus. There was also the possibility of nitrogen fixation in 
near-surface phytoplankton or benthic periphyton communities (e,g, Loeb 
and Reuter 1981).
The estimated nitrogen load into Whitefish Lake was approximately 
29,200 kg/yr (Table 6). Stream flow contributions were estimated as 80% 
of this input (Swift Creek 53%, Lazy Creek 16%, other shoreline creeks 
(ca, 6%)). Average TN contributions from bulk precipitation accounted 
for 20% of the measured input. Nitrogen export by the Whitefish River 
accounted for a large proportion (60%) of measured inputs.




Concentration Load % Tbtal
(rog/m̂ ) (kg/yr)
Sources
Swift Creek 128.3 131 16856 58
Lazy Creek 25.4 179 4552 <16
Hellroaring Cr. 4.6 66 304 1
Other Runoff 25.0* — 1650^ <6
Precipitation 7.9 733 5764 20
Tbtal Input‘S 191.2 152 29126 100
Losses
Whitefish R. 156.6, 112 17557 60
Evaporation 9.4^
Tbtal Output^ 165.9 17557 60
(see Table 5 for footnotes)
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Watershed IN export coefficients for Swift Creek (ca. 80 mg 
yr"l) and Lazy Creek (ca. 110 mg m*“2 yr"*̂ ) were very similar to the 
value reported for the western United states, but were much lower than 
that given for the East (300 mg m”^ yr” )̂; see Rast and Eee (1983). It 
was interesting to note that precipitation inputs of IN to Whitefish 
Lake (ca. 436 mg m”^ yr” )̂ were less than the average values given for 
both the western U. S. (1000 mg m”^ yr"^), and for the East (2400 mg m”  ̂
yr“^), where urban air pollution is an important nitrogen source (Rast 
and Lee 1983).
Phytoplankton Primary productivity
Depth profiles of prfnytoplankton productivity rates (Figure 10) 
exhibited peaks between 2.5 and 5 meters. Light penetration (PAR) 
corresponding to the productivity peaks averaged 26.4% of surface 
insolation (range 17-44%). Reduced photosynthetic rates occurred in 
surface layers (above 2.5-5 m), possibly due to inhibition by excessive 
UV radiation (Wetzel 1983; Jokiel and York 1984). The lower limit of 
the the compensation depth was approximately 30 m, with positive *net' 
photosynthesis usually persisting below the level of 1% light 
penetration (i,e. below the euphotic zone) which averaged 17.9 m (9.9- 
21.5 m). During late fall and winter months (November to February)
'net' photosynthetic activity was limited to the upper 20 m of the water 
column (within the euphotic zone) probably due to reductions in 
available light energy as a result of lower solar altitudes (ê g. 
greater surface reflection) and predominantly overcast skies. While 
there were some very apparent vertical and temporal differences in the
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Figure 10. Depth profiles of primary productivity (mg C m  ̂hr 
for midday incubation periods at the south midlake site (F) in Whitefish 
Lake, 1982-83. The duplicate values were incorporated into profiles of 
upper and lower limits (solid lines) to show the range of estimates. 
Light penetration (percent of surface insolation (PAR̂ )) is shown on 
depth axes for 1% PAR^ (solid circles), and 10% PAR^ (open circles).
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hourly rate profiles, it is interesting that these values are not more 
divergent, particularly on the seasonal scale. For example, despite 
stark contrasts in the underwater solar and thermal climates of August 
and December 1982 (Appendix B, Figure 3), a general similarity was 
evident in the average pÆiotosynthetic rates, which suggested differences 
in light and temperature optima of the summer and early winter 









Figure 11. Depth-time distribution of the daily rates of phytoplankton 
productivity (mg C m”^ day"!) south midlake site, Whitefish Lake,
1982-83. Expansion from average hourly rates incorporated measured 
differences in intensity and duration of surface irradiance (300-2800 
nm (Iq)). Solid circles on the x-axis indicate dates of sampling.
The large seasonal changes in surface irradiance account for a wide 
range of estimated daily productivity responses (Figure 11) accentuating 
the (sometimes minimal) differences measured in profiles of average 
hourly rates (Figure 10). Subsurface productivity maxima were clearly
41
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evident throughout the year, with the highest value (>35 mg C day“ )̂ 
occurring at 5 m in the early May sample, and the smallest peak (<10 mg 
C m”  ̂day""̂ ) at 2.5 m in the early December sample. The variability of 
the compensation depth (as suggested by the lowest isopleth) was also 
apparent, with a deeper extension of 'net* photosynthetic rates in the 
spring (and late summer) water columns, than in winter.
Seasonal patterns in rates of primary productivity (Figure 12) 
exhibited steady reductions from August through early December 1982, 
when the minimum rates were recorded (ca. 80 mg C m”^ day” )̂. The
5 0 0 —1
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Figure 12. Seasonal variation in areal rates of primary productivity 
(mg C m”^ day~^) at the south midlake site in Whitefish Lake, 1982-33. 
The integrated rates include all samples (to 30 m, the approximate 
annual limit of the compensation depth). The upper and lower limits of 
the annual curve are based on the range measured in duplicate samples.
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depressed rates of November and December were succeeded by productivity 
increases from late December to early May (with a small decline in March
1983). Following the spring circulation period (in ;^ril), productivity 
rates reached their seasonal maximum in a distinct, early May peak, 
which averaged over 400 mg C m”  ̂day” .̂ However, within two weeks 
productivity rates were reduced to 250 mg C m“  ̂day” ,̂ with even lower 
rates on June 6th (<130 mg C m”  ̂day” )̂. This sudden productivity crash 
occurred despite increases in daylength, surface irradiance, and water 
temperatures, but seemed to be closely associated with sediment import 
during snowmelt runoff. During this period, the euphotic zone was 
reduced from 16.2 to 9.9 m (the lowest value measured), and 
concentrations of total suspended solids in Swift Creek increased from 
19,4 to 133.3 mg/1 (the highest value measured) as reflected in in-si tu 
turbidity profiles (Figure 13). A recovery from the low June rate 
occurred in July after runoff had subsided and total suspended solids in 
Swift Creek diminished to 5.3 mg/1 (Appendix A.11). The depth of the 
euphotic zone increased to 16.7 m.
The early winter depression in productivity, and its subsequent 
recovery (Figures 11, 12) may have demonstrated the effect of seasonal 
changes in temperature and solar radiation on phytoplankton growth. The 
productivity crash in May and June may be associated with reduced light 
penetration in the lake as a result of increased sediment fluxes (Figure
13) from Swift Creek during the snowmelt period. However, it may also 
be related to other factors, such as changes in biomass or composition 
of the phytoplankton community.
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Figure 13. Profiles of in-siku turbidity (% transmittance) during the 
spring snowmelt runoff at the north (E) and south (E) midlake sites in 
Whitefish Lake, 1982-83. A third location closer to Swift Creek 
(offshore from Inez point (j)) was used to indicate the concentration 
gradient in distribution of suspended solids (from Swift Creek toward 
the lake outlet) as inferred from differences in turbidity.
Primary productivity in Whitefish Lake was broadly similar to that 
observed in Flathead Lake (see Stanford et al, 1983), but may have 
differed in its response to sediments imported from the drainage basin. 
Increases in suspended solids in Swift Creek appeared to have a negative 
influence on productivity rates in whitefish Lake, presumably due to 
light limitations resulting from higher turbidity. Epilimnion 
phosphorus (TP) and nitrogen (TN) levels increased with the influx of 
fluvial sediments, but when inputs of total suspended solids were 
greatest, primary productivity rates were lowest. Thus, the 
fertilization effect observed in Flathead Lake was not apparent in 
Whitefish Lake during the runoff peak, though a similar effect may have 
been important at an earlier stage before light became limiting. Annual
— O —1productivity in the two lakes was different; 69.2 g C m yr
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(Whitefish) compared to 137 g C yr"”^ (Flathead), However, the 
average value for Whitefish Lake represents only one year of data, 
whereas that for Flathead Lake includes a wider range of values 
reflecting the natural variability inherent in a 5-year period. The two 
lakes both exhibited ranges in productivity characteristic of 
oligotrophic conditions (ejg. up to 180 g C m""̂  yr” ,̂ a value reported 
for Lake Ontario; cf. Wetzel 1983). The range of productivity measured 
in lakes throughout the world spans roughly three orders of magnitude: 
from arctic Alaskan tundra ponds (0,6 g C m“^ yr"^) to equatorial Lake 
Victoria (640 g C m"^ yr“ )̂ in Africa (Wetzel 1983).
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Phytoplankton Species Composition and Biomass
Over 50 algal taxa were recorded (Appendix C.2) in the epilimnion 
samples of the south midlake site (F: Figure 1). Ttie actual number of 
species was greater, but difficulties in identification frequently 
required lumping of related organisms in taxa above the species level. 
Resolution was usually adequate to distinguish generic characteristics 
of 'healthy' cells of the larger ultraplankton (ca. 5-10 urn), though 
smaller cells of some colonial genera (ejg, Aphanocapsa) were counted. 
Indeterminate organisms were recorded under the appropriate algal class 
(e^. ' flagellate' under Cryptophyceae). In some cases algae were 
combined in taxa above the genus level, as in the diatom group, 
Coscinodiscaceae, (consisting variously of the genera: Coscinodiscus,
Cyclotella, and Stephanodiscus - personal communication. Dr, G. W, 
Prescott, August 1984). Another important group, dinoflagellate cysts, 
combined immature species of Glenodinium and Gymnodiniuim.
Of the eight algal classes recorded (Appendix C,l), only five 
(Figure 14) contributed significant biomass (volume, mm^ m“ )̂. Members 
of Cyanophyceae, Euglenophyceae, and xanthophyceae usually contributed 
less than 1% (never exceeding 4%) of the total biomass; although the 
bluegreens Chroococcus spp. and Aphanocapsa elachista were frequently 
tallied in late-rsummer to midwinter algal counts (see ^pendix C.2). 
The only heterocystous bluegreens encountered were species of Anabaena, 
but these were rare. The one xanthoj^yceaen genera observed 
(Stipitococcus) was an epiphyte, attached near the central axes of 
Asterionella formosa colonies (summer 1982 and 1983),
46
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Figure 14. Annual variation in biomass (cell volumes, mm m ) of the 
dominant systematic groups of phytoplankton in duplicate (10 m) samples 
from the south midlake site of Whitefish Lake, 1982-83. The ranges of 
duplicate sample estimates were plotted separately indicating use of the 
two preservatives.
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The Chrysophyceae dominated the spring bloom (May, June 1933:
Figure 14) ranging from 40% to nearly 80% of the total biomass. The 
peak of the chrysof^iycean bloom was recorded on June 6 (>500 mm^ m~^) 
after steady increases through May from the low levels (below ca. 10 mm^ 
recorded in August 1982 through April 1983 samples. The group was 
nearly absent in the July sample but biomass recovered slightly in 
August, and persisted through October 1983 at approximately 50 mm^ m“ .̂ 
Large populations of the colonial chrysophyceaen, Dinobryon 
divergens, were almost entirely responsible for the June 6 biomass peak 
and dominated in the earlier stages of the bloom (Table 7). The groupes 
autumn biomass consisted primarily of another colonial species, 
Chrysocapsa plane ton ica, which codominated the October 1983 sample with 
diatoms of the genus Fragilaria.
Table 7. Dominant phyto plankton ta%a <% of total mean biomas^ for samples at the south midlake site (10 m) in Whitefish lake, 
Montana 1982-83, The taxa are listed in descending order of importance* including a minimum of three for each sample pair, and those greater than 10% of the sampled biomass.
1 Auj 82 Praqllarla spp, (47) Asterionella formosa (11) Ceratlum hlrundinella (10)
17 Sept 82 Ceratlum hlrundinella (48) Praqllarla spp. (9) Coscinodiscaceae (7)
6 MOV 82 CeratiuD hlrundinella (36) dinoflagellate cysts (17) Praqllarla spp. (16)
5 Dec 82 Mouqeotia sp. (17) Glenodinium spp. (15) dinoflagellate cysts (12) Gymnodlnlum spp. (11) ̂
19 Dec 82 cryptophyte Claqellate (22) Crvptomonas spp. (14) Praqllarla SK>. (13) dinoflagellate cysts (12)
3 Feb 83 Praqllarla spp. (20) cryptophyte flagellate (12) Synedra sop. (11) Coscinodiscaceae (11)*
8 Mar 83 Praqllarla spp. (28) Synedra spp. (14) Glenodinium spp. (13) dinoflagellate cysts (12)
10 Apr 83 Praqllarla spp. (20) Mouqeotia sp. (19) Tabellarla spp. (10)
8 May 83 Dinobrvon dlverqens (26) Glenodinium spp. (15) dinoflagellate cysts (9)
22 May 83 Dlnobrvon dlverqens (39) Glenodlniisn spp. (17) Tabellarla spp. (8)
6 June 83 Dinobryon dlverqens (76) Glenodinlun spp. (6) dinoflagellate cysts (4)
10 July 83 Ceraclm hlrundinella (37) Praqllarla spp. (24) Asterionella formosa (9)
10 Aiq 83 Ceratlun hlrundinella (54) Coscinodiscaceae (19) Chrysocapsa planctonlca (7)
13 Sept 33 Ceratiun hlrundinella (63) Chrysocapsa planctonlca (18) Dinobryon bavarlcum (4)
31 Oct 83 Chrysocapsa planetonica (30) Praqllarla spp. (24) Ceratlum hlrundinella (10)
a + crvptomonas spp. (10)
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Itie Dinofiiyceae dominated midsummer through fall samples averaging 
40 to 70% of the total phytoplankton biomass (Figure 14). September 
maxima ranged from about 70 mm^ ra"*̂ in 1982, to over 160 mm^ m“  ̂in 
1983. During the winter and spring the group was less important, but 
still maintained an average of about 20% of the total biomass.
The large dinoflagellate, Ceratlum hlrundinella, was usually the 
predominant algal species in late summer and autumn samples contributing 
from 40 to 60% of the total biomass (Table 7). Species of Glenodinium 
were important in the winter and spring communities, and attained their 
highest biomass (ca. 40 mm^ m” )̂ in May and June samples (see Appendix 
C.2 for details), Dinopbycean cysts averaged about 10% of the sampled 
biomass from November to early May. Species of Gymnodinium were most 
notable in late autumn sam^^es.
The Bacillariophyceae demonstrated their importance in August 1982 
when they contributed their largest measured biomass (>110 mm^ m” )̂ for 
almost 70% of the total biomass. The group's biomass declined through 
the fall to less than 20 mm^ m”^ (Figure 14) but they were a notable 
component of the phytoplankton averaging 20% of the total biomass 
through December (see Appendix C.1). A midwinter diatom "bloom" was 
recorded in February 1983 with high biomass sustained through ^ril as 
the group dominated the algal community averaging about 90 mm^ m”  ̂ (>50% 
of the total biomass). Though maintaining an average biomass of almost 
60 mm^ m"^ through May and June, the diatoms were of reduced importance 
due to biomass increases in other algal classes (mainly Chrysophyceae; 
Figure 14). Diatoms represented almost 40% of the July sample, but 
declined afterwards reaching a low in September (ca. 10 mm^ m” )̂; upon
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recovery in October 1983 they contributed 30% of the total biomass.
Populations of the colonial diatom Fragilaria were largest in the 
August 1982 sample (>80 mm^ m”^), responsible (with Asterionella 
formosa) for most of the biomass at that time, and a notable share of 
that sampled through December (Table 7), Fragilaria was dominant in the 
February diatom bloom and during the period following (March-April) 
averaging 40 mm^ m” .̂ Species of Synedra and of the group 
Coscinodiscaceae contributed important additions in February and March, 
while Tabellaria spp. added an important share to the April diatom 
biomass. Tabellaria persisted at its highest levels (ca. 20 mm^ m"^) 
through May, while a rising population of A. formosa, and remnant 
populations of Fragilaria and Synedra carried over into June. In July 
the composition of the algal community resembled that of August 1982, 
but with a reduced Fragilaria population «50 mm^ m” )̂ displaced from 
dominance by the dinoflagellate C. hlrundinella. The Coscinodiscaceae 
gained importance in the August 1983 sample with their maximum recorded 
biomass (ca. 40 mm^ m” >̂. The Fragilaria population recovered by late 
October (after the September diatom minimum) and codominated the algal 
biomass with the chrysophycean c. planctonlca (Table 7),
The Chlorophyceae represented the most diverse algal group sampled, 
with more than 20 taxa recorded (see Appendix C.2). However, since many 
of the green algae were very small (i.e. ultraplankton <10 um) and some 
occured infrequently, the groupes contribution to the annual biomass was 
modest (Figure 14). The green's highest biomass values were attained in 
the winter and spring, averaging 20-40 mm^ m~^, with a maximum in April 
equivalent to 24% of the total phytopl ankton biomass.
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The green filament Mougeotia contributed the majority of the 
group/s biomass from December to early May, and was an important 
component of the total biomass during the isothermal periods, codominant 
with dinoflagellates (December 5), and diatoms (April 10; Table 7), 
Several other green algae were common throughout most of the year 
(Ankistrodesmus falcatus, Elakatothrix spp. and Oocyst is spp.), while 
some were common seasonally (ejg, Cosmarium spp., Eudorina elegans and 
Tetraspora spp.) but were less important individually in terms of 
biomass (see Appendix C.2).
The Cryptop*iyceae contributed a minor proportion of the annual 
jrfiytoplankton biomass (Figure 14) but in winter accounted for 
approximately 20 to 40% of the total biomass (Appendix C.1). Two 
cryptophycean taxa were recorded, an indeterminate flagellate, and 
Cryptomonas spp.; both were important in the December and February 
samples (Table 7). They were the predominant species on December 19th, 
but each reached their respective peaks (ca. 20 mm^ m“ )̂ in the February 
3rd samples when diatoms dominated the biomass (see Appendix C.2).
phytoplankton Seasonal periodicity
Since the vertical distribution of planktonic communities tends to 
be relatively homogeneous in a well-mixed water column, estimates of 
^ytoplankton biomass from discrete (i.e. 10 m) samples most closely 
represent average upper water column values when taken from within an 
isothermal epilimnion (cf. Round 1981). Therefore, it is reasonable to 
assume that most of the sanples (i.e. September 1982 to early May 1983, 
and September to October 1983; see Figure 3) provided good estimates of
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average phytoplankton dynamics in the upper, productive water mass. But 
for those samples obtained from within a well-stratified upper water 
column (i.e. August 1982, and June to August 1983) the results offer 
only an approximation of composite dynamics in the resident 
phyto piankton community. Natural variability in the spatial (especially 
vertical) distribution of planktonic organisms is likely to be increased 
in a stable water mass and reduced in an unstable water mass, due to the 
influence of turbulent mixing (cf. Reynolds 1984). Thus, much of the 
observed variation between duplicate biomass estimates in late May to 
Aigust 1983 samples (i.e, the period of stable stratification; Figure
14) might be explained by patchiness in algal distribution. However, in 
the case of widely divergent sample pairs, it was interesting that 
estimates of total biomass in formal in-preserved samples were 
consistently lower than those preserved in Lugol's (see Figure 15).
Thus, these differences may have been compounded by preservative^related 
effects on the apparent physiological state of the cells, and the 
attendant (subjective) decisions required of the investigator (i.e. 'to 
count or not to count'; see Lund et al. 1958). Notably, some diatoms 
(e.g. Fragilaria, Asterionella) pxreserved in the formalin solution 
(duplicate B) exhibited deformed cell walls (which when accompanied by a 
'weak' piastid condition implied a 'no count* situation), but diatoms 
preserved in Lugol's solution (duplicate A) did not exhibit this 
deformed character. So, in addition to natural (spatial) differences, 
some of the variation observed between duplicate biomass estimates might 
be attributed to the different preservatives used, in cases where 
preservative effects are important, the different biomass estimates from
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t±ie two samples (A and B) may not be true duplicates. For those 
samples, the higher (Lugol's) values are probably more accurate, since 
they were not adversely affected.
The observed pattern in 1982—83 phytoplankton biomass (Figure 15) 
can be roughly divided into four seasonal periods:
1) The autumn/early winter period from September-October to December.
2) The midwinter/spring period fran February to April.
3) The late spring bloom in May and June.










Figure 15. variation in total phytoplankton biomass concentrations (mm^ 
m“ )̂ in duplicate samples (from ID m) at the south midlake site of 
Whitefish Lake, 1982-83. The duplicate values obtained using the two 
preservatives were plotted separately to show the apparent trend of 
lower biomass estimates in the individual formalin samples.
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During the autumn/early winter period biomass declined and then 
stabilized in November and December 1982 (ca, 70 mm^ m"^) at less than 
half of the August 1982 average (ca. 170 mm^ m” )̂. In September-October 
1983 a similar, but delayed, decline was apparent with biomass values 
approximately twice those of 1982. Ihe decline from summer biomass 
values coincided with seasonal reductions in water temperature and 
incident solar radiation. Hourly rates of primary productivity (for 
both 10 m and the upper 30 m) closely matched the decline and 
stabilization in sampled biomass levels; but the extrapolated daily 
rates exhibited a single minimum (December 5), implying that reductions 
in incident irradiance may have limited daily turnover rates (i.e. 
production to biomass ratios (P/B)). Epilimnion phosphorus (TP) levels 
did not follow the declining trend of the autumn biomass, but increased 
from a seasonal low (2.7 ug/1) in September 1982 to 6.6 ug/1 on October 
25 perhaps due to an autumn increase in TP loading from bulk 
precipitation (December values averaged 5.3 ug/1; see Figure 8, and 
south midlake values, i^pendix A.9). Low sample variability was 
conspicuous during the period, probably due to the influence of mixing, 
with deep autumn epilimnia and the December overturn.
Changes in the autumn community composition were more evident as 
summer diatoms (primarily Fragilaria) were replaced by a small bloom of 
dinoflagellates (primarily Ceratium hlrundinella) in September and 
November samples. By early December, Ceratium populations had 
disappeared, but these were succeeded by a codominance of several other 
dinoflagellates and the green filament Mougeotia sp. (see previous 
section for details), in 1983, a larger and already well-established
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population of ^  hirundinella peaked in September at greater than twice 
their 1982 peak level (see Appendix C.2). The colonial chrysophycean, 
Chrysocapsa plane ton ica, also appeared in the September 1983 biomass, 
and codominated in the October 1983 sample with Fragilaria after the 
Ceratium population declined.
The transition to the mid winter/spring period was marked by a 
nearly threefold increase in phytoplankton biomass from December 19th to 
February 3rd (Figure 15). An elevated biomass was sustained through the 
April 10 sample averaging almost 180 mm^ m"^ for the period. The 
February 1983 bloom was accompanied by increases in light (intensity and 
duration) and epilimnion phosphorus levels (although TP decreased in 
April). Parallel increases were also evident in rates of primary 
productivity. Low sinking losses (due to turbulent suspension) may have 
played an important role in the maintenance of a high mid winter/spring 
biomass, since population changes reflect both growth and loss processes 
(cf. Kalff and Knoechel 1978), The lack of an ice cover, normally 
present over most of the lake surface by midwinter, allowed a greater 
potential for mixing, and for more light penetration, and thus may have 
been influential in sustaining the period's high biomass.
Changes in midwinter community composition were signaled by a bloom 
in diatom species (primarily of the genus Fragilaria, but also of 
Synedra, and of the group Coscinodiscaceae), ihe cryptophyceans reached 
their greatest biomass at this time, and contributed 20% to the February 
biomass. Diatoms (primarily Fragilaria with Synedra and Tabellaria) 
sustained a high biomass through the March and April samples, while 
biomass gains in dinoflagellates (primarily Glenodinium spp.) and the
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
population maximum of the green filament Mougeotia sp, offset losses in 
the cryptophycean populations. the presence of an ice cover is 
likely to affect changes in species com positon (e.g. to favor motile 
species or those tolerant of reduced light under snow cover) the 
community sampled in this midwinter/spring period may differ from those 
usual under a frozen lake surface.
The transition to the late spring period was marked by an increase 
in phytoplankton biomass (to ca. 270 mm^ m”^ on May 8) following the 
lake overturn in 7^ril. Itie apparent culmination of the spring bloom 
was observed in the June 6 sample, averaging just under 700 mm^ m”” ,̂ 
which amounted to a tenfold increase in biomass (ca. 3.7 biomass 
doublings) from the lowest mean winter value (64 mm^ m”^ on December 
19). The late spring increases in biomass corresponded with seasonal 
increases in daylength and thermal stratification. The observed 
differences in sample biomass estimates (May 22 and June 6, Figure 15) 
might be expected from spatial variability in the upper water column, 
though adverse effects of the formalin preservative could have 
influenced the lower values (see previous comments). Epilimnetic 
phosphorus (TP) and nitrogen (TKN) levels also showed some increases 
during this period (TE(N increased on May 22, TP on June 6) primarily in 
response to suspended solid loads from the Swift Creek drainage during 
spring runoff. While the spring influx of suspended sediments may have 
stimulated a higher phytopl ankton biomass, it may have also had a 
negative influence on productivity rates. After substantial increases 
in daily productivity rates through April and early May (10 m rates were 
unchanged), sharp reductions in these rates (through June 6) were
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contrasted by the spring biomass bloom. So, while reductions In light 
penetration (accompanying the spring sediment plume) may have limited 
productivity rates, the concurrent biomass bloom may have benefitted 
from the nutrient content of these same suspended loads before light 
became limiting. Thus, discounting loss factors, the earlier surge in 
rates of productivity may have been reflected in delayed biomass peaks, 
though differences in comm m i  ty composition cannot be ignored.
The most important change in the late spring community composition 
was the increase in vegetative colonies of Dinobyron divergens, which 
were insignificant in earlier samples, but increased to bloom 
proportions in May and June following the April overturn. Other algal 
classes also demonstrated changes during the Dinobryon bloom, 
populations of the dinoflagellate Glenodinium reached their highest 
levels in May and June, and cryptophyceans demonstrated small, but 
steady, gains as light penetration decreased. Conversely, diatoms as a 
group exhibited small, but steady, losses (and later, gains) which 
paralleled changes in underwater light levels. Mougeotia also declined 
during this period, but failed to recover later.
For a similar bloom of p. divergens in a shallow, subarctic lake. 
Sheath et al, (1975) illustrated the importance of stratospores (cysts) 
which were produced asexually before vegetative populations declined, 
and then overwintered in benthic sediments. They proposed that 
germination of the stratrospores might be triggered by high insolation 
after they were resuspended into the water column during spring 
overturn. Perhaps as distinct as its rise from obscurity during the 
spring bloom, is ^  divergens insignificance in July and later samples.
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This periodicity in Dinobryon is widespread in oligotrophic waters, and 
in some species (ê g. D. sertularia) may be related to cold-water 
optima, although ecotypic variation in thermal optima of p. divergens is 
apparently quite broad (Lehman 1976). Formation of overwintering cysts 
in D. divergens may also be temperature related, with stratospores 
produced following increases beyond a certain threshold tenperature (cf. 
Sheath et al, 1975).
The transition to the summer period followed the sharp reduction 
(from June 6) of the D. divergens population, as total biomass declined 
to less than one third of peak biomass by July 10. Average biomass 
levels in the July and August samples were nearly identical (ca, 200 mm^ 
m"^), but sample variability was high with much lower biomass estimates 
in formal in-preserved samples, than for duplicates preserved in Lugol's 
solution (Figure 15). On September 13th when the average phyto plankton 
biomass was slightly higher (ca. 250 mm^ m” )̂ sample differences were 
minimal. Stability of thermal stratification in the September 
epilimnion was also lower compared to the July (and probably Aiqust) 
epilimnia (see August 26 temperature profiles. Figure 3). Thus, some 
amount of spatial heterogeneity in phytoplankton distribution could be 
expected, especially during periods of increased thermal stratification 
(i.e. May through August). However, with the consistently low values 
for samples preserved in formalin, at least some amount of bias (ê g. 
underestimating true biomass) could be attributed to effects of this 
preservative.
July's substantial reduction from the peak biomass was contrasted 
by marked increases in rates of primary productivity. Since epilimnion
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phosï*iorus levels were unchanged in the interval, the productivity 
increases may have been more closely linked to increases in light 
penetration with decreased turbidity in the upper water column after 
settling of the fluvial sediment plume (see Figure 13). Losses due to 
sinking out of the epilimnion (especially for non-mo tile species) were 
probably most important in the late spring and summer months when less 
dense surface waters were isolated by shallow thermal dicontinuities, 
in winters when the lake surface is frozen, sinking losses might be 
important if not offset by advective (ewg. stream flow) or convective 
(e.g. solar heating through clear ice) turbulence (cf. Reynolds 1984). 
Losses of phyto pi an k ton to zoo pi ankton predation were not evaluated, but 
may have been greatest during the spring/earl y summer due to the high 
prey-base (cf. Lehman 1976; Wetzel 1983).
After loss of the bloom population of Dinobryon divergens, summer 
communities were dominated by a recurrence of Ceratium hirundinella from 
July to September 1983 (sooner than the 1982 population). Ceratium 
codominated with diatom populations (primarily Fragilaria with 
Asterionella) in July, which had recovered from a slight biomass slump 
during the preceeding spring bloom. In August, declining diatom 
populations (primarily Coscinodiscaceae) and a resurgence of 
chrysophyceans (primarily Chrysocapsa planctonlca) were subdominant to 
the dinoflagellate. The population of C. hirundinella reached its 
recorded high (>150 mm^ m” )̂ on September 13, and was accompanied by a 
smaller bloom of Chrysocapsa.
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Distribution of Periphyton
Littoral contributions to total productivity are highly variable in 
temperate lakes, due to physical differences in shoreline configuration 
and differences in nutrient concentrations and incident light at the 
benthic substrate. Spatial differences were apparent in the accumulation 
of benthic algal biomass (chlorophyll-a) between the littoral sites 
established in Whitefish Lake (Figure 16). The highest (seasonal mean) 
biomass accumulations were measured at the Swift Creek (I) and 
Hellroaring (p) sites; the lowest values were measured at Inez Point 
(J), Beaver Bay (K) and Dog Bay (L). High values were also recorded at 
other sites during periodic sampling (particularly at the Monks Bay site 
(N); see Appendix D), but were less evident in the seasonal means.
While tanporal differences were apparent between sampling intervals ht 
individual sites, there was no consistent pattern between sites 
(Appendix D). The lack of a clear seasonal pattern common to all sites 
may have been a consequence of the coarse resolution inherent in the 
long intervals (ejg, 2 months) required for algal colonization of 
artificial substrata. Loeb (1981) observed similar colonization periods 
for sterilized rock and glass substrates in Lake Tahoe. He also found 
that the colonization methods (e.g. using artificial substrates) greatly 
underestimated the biomass (and productivity) of natural periphyton 
communities, but that algal species composition resembled that of 
natural eulittoral communities (i.e. those exposed to seasonal 
dessication due to fluctuations in the annual lake level).
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Figure 16. Average ^atial variations in the accumulation of 
chlorophyll-a (mg mo" ) from attached algae (periphyton) grown on
artificial substrates placed in the littoral zone (sites l-p) of 
Whitefish Lake, 1982-83. The bars indicate one standard deviation from 
the mean value of five sampling intervals during the period December, 
1982 - December, 1983.
At the Swift Creek site thick fluvial silt deposits on the 
artificial substrata may have provided a nutrient-rich medium for algal 
growth. Colonization may also have been facilitated by the creation of 
a more suitable substrate for attachment. The variations in biomass 
measured between other sites probably reflected differences in light and 
nutrient availability, disturbances (ê g. wave wash), and biotic
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interactions (e^. interspecific competition for space, grazing losses, 
etc.). But, without experimental manipulation, it was difficult to 
assess tlie specific influences of tiiese different variables.
An apparent relationship between the higher periphyton growth 
values and local development of shoreline home sites was observed. 
Biomass averages were higher on the northeast and southern shores (sites 
M, N, O and p) and lower on the southwest shore (sites j, K and L),
Thus, periphyton biomass (i.e. low to high values) followed the general 
pattern of shoreline housing development, with most settlement on the 
northeast and southern shores (i.e. near sites M, N, 0 and p), and 
little or no settlement on most of the southwest shoreline (i.e. near 
sites J, K and L). It may be that greater periphyton growth occurred in 
direct response to higher nutrient levels associated with surface 
runoff, subsurface leachates from home septic systems, or other cultural 
disturbances. However, this relationship was not conclusive, because 
natural phenomena (egg, greater exposure to sunlight or higher nutrient 
levels in natural groundwaters) could also be responsible for higher 
periphyton values on the northeast and southern shores of the lake.
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Trophic Status
The biological response of a lake ecosystem to external nutrient 
inputs is ultimately dependent on its physical and geochemical coupling 
with the drainage basin and airshed, and on artificial alterations of 
natural nutrient cycles in soil, vegetation and the atmosphere (Likens 
and Bormann 1974, 1979; Vollenweider and Kerekes 1980), Comparative 
models of external nutrient loading in lakes of different trophy have 
emphasized phosphorus relationships since it is commonly the first 
nutrient to limit algal productivity, and because phosphorus inputs can 
be estimated more accurately than those of nitrogen (due to the 
complexities of nitrogen cycling; Wetzel 1983). The loading concept 
(e.g. Vollenweider and Kerekes 1980) emphasizes the driving force of 
external nutrient loads in fueling lake metabolism, and the effect of 
unidirectional changes in these loads in regulating the dynamics of 
internal production and recycling. A mass balance relationship 
accounting for the measured annual rates of phosphorus supply, with 
approximation of losses (ejg, sedimentation and flushing) is applied to 
predict average lake concentration [p]^. Biological responses to 
nutrient loading were modeled for North American and European lakes with 
divergent trophic characteristics (the OECD Eutrophication program) by 
comparir^ annual primary productivity with predicted phosphorus 
concentrations [P]^ (see Figure 17).
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.










J  WHITEFISH LAKEHuo
cca. •  T
100010 100
[pJl (mg m"3)
Figure 17. The observed fit of Whitefish Lake to the Vollenweider and 
Kerekes (1980) model relating annual primary productivity (g C m“^ yr” )̂ 
to predicted phosphorus concentrations [p], (mg p m“ )̂. The observed 
values (Lq) for Flathead Lake are corrected for bioavailable sediment 
phosphorus (L̂ ). Bars indicate the range of total annual productivity 
(measured in duplicate profiles) for Whitefish Lake, and 95% confidence 
intervals for 1977-82 Flathead Lake values (from Stanford et al. 1983). 
Comparative data points are for Babine (B) and Kamloops (K) Lakes in 
British Columbia; Lake Tahoe (T); the Laurentian Great Lakes (Superior 
(Su), Huron (Hu), Michigan (Mi), Ontario (Oi), and the eastern (EB),
central (CB) and western (WB) basins of Lake Erie); and a hypereutrophic
European Lake, Alserio (^. The mean lake concentration of phosphorus 
is predicted by the equation:
[PIl = [P]i / (1 + )
where: [P]^ = predicted average concentration of total phosphorus
in the lake (mg m"^) ;
[P] = average inflow concentration of total phosphorus
(mg m"^) ; and
= average residence time of water in the lake (yrs) ,
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Figure 17. (continued)
TSie curve is based on a more extensive data set (Vollenweider and 
Kerekes (1980) with the equation:
f(x) = 6.985 .29 + .011 (X-7G) J
where: f(x) = annual primary productivity (g C m”^ yr“^); and
X = [Pl^ (n*g ) •
On the Vollenweider and Kerekes (1980) model, Whitefish Lake falls 
near a critical threshold of 'excessive' phosphorus loading ([P]^ of ca. 
25 mg m""̂ ) v^ich resulted in a predicted mean lake concentration [p]^ of 
ca. 10 mg m"^ (Figure 17). The distinction between [p] ̂  and [p]^ is 
important, with the latter accounting for differences in flushing rates 
between lakes (cf. Dillon 1975). However, the defined thresholds in 
tolerance are somewhat arbitrary since small changes in loading (ejg, 24 
to 25 mg m~^) are unlikely to cause large trophic responses 
(Vollenweider and Kerekes 1980). Based on the annual estimates of mean 
phosphorus loading (ca. 24 mg m” ;̂ see Table 5) and average residence 
time of water (2.73 years), the predicted mean phosphorus (TP) 
concentration in Whitefish Lake was 9.2 mg m”^ (Figure 17), which was 
higher than the observed value (6.9 mg m"^). Annual primary 
productivity in Whitefish Lake was estimated at 69.2 g C m”  ̂yr”  ̂ (range 
59.6-78.9 g C m~^ yr~^); a higher value (108 g C m"^ yr""̂ ) was predicted 
using the Vollenweider-Kerekes model. Thus, Whitefish Lake deviated 
somewhat from the average statistical behavior of the OECD lakes 
indicating that phosphorus loading may have been overestimated, either 
directly (e.g. high bulk precipitation values), or indirectly due to
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limnological conditions (e^. high sedimentation rates) that deviated 
from those lakes that fit the model more closely, uncertainties in the 
individual loading figures of the lakes used to generate the model were 
at least + 35%, dependent on sampling frequency in a given year, and 
natural variability {year to year) in phosphorus inputs (Vollenweider
Table 8. Annual mean characteristics of phosphorus loading in relation 
to primary productivity for Whitefish and Flathead Lakes. Cbserved 
loading estimates (L ) were compared witüi values corrected for 






Mean Phosphorus Loading [P] ̂ 
(mg TP m“3) 24® (17)® 23 11
Runoff (%) 69 (56)® 88 75
Precipitation (%) 31 (44)® 12 25
Phosphorus Retention 
Coefficient (R)^ 0.76 (0.65)® 0.75 0.25
Predicted Phosphorus^ [p] 
(mg TP m” )̂ 9.2 (6.3)® 9.4 4.6
Primary Productivity® 
(g C m-2 yr"l) 60-79 137+70
predicted^ 108 (85)® 109 68
a comparative ('corrected') loading estimates for Whitefish Lake 
were based solely on TP bioavailability data for Flathead River 
sediments (applied to Swift Creek, as below) 
b values from Stanford et al, (1983); correction = 6% of TP in 
sediment inputs (TSS >10 mg 1 ) from Flathead River
c weighted-mean inflow concentration (see Table 5) 
d following the model of Vollenweider and Kerekes (1980) 
e range in annual means of duplicate profiles (Whitefish Lake); 
mean + 95% cj., (Flathead Lake, 1977-82)
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and Kerekes 1980). It is unlikely that the loading estimates for 
Whitefish Lake were any better than those of the modeled lakes.
Since Whitefish Lake lies within the Flathead Lake drainage, 
it is interesting to compare the results of this study with those of 
Stanford et al. (1983). Two estimates of predicted phosphorus 
concentration given for Flathead Lake (Figure 17, Table 8). The higher 
of the two (Lq) is based on measured (1978-82) phosphorus loading, in 
the lower value (L^), high sediment loads (>10 mg TSS 1” )̂ which 
accounted for most of the annual phosphorus inputs, were corrected for 
bioavailable phosphorus (BP) based on algal bioassays (these indicated 
that only 6% of sediment phosphorus (TP) was readily available for algal 
assimilation; Stanford et al. 1983). In Flathead Lake, correction for 
bioavailable phosphorus in Flathead River sediments resulted in a 
substantial reduction in the overall phosphorus loading estimate (and 
therefore in the predicted, mean lake concentration; Figure 17), as well 
as in the percentage of phosphorus inputs retained within the lake 
(Table 8). However, upon comparative application of the same correction 
(i.e. BP = 6% sediment TP) to the Swift Creek data, much smaller 
reductions in annual phosphorus loading, predicted lake concentration, 
and retention values were observed in Whitefish Lake. This suggested 
that the influence of Swift Creek on Whitefish Lake was less pronounced 
than that of the Flathead River on Flathead Lake. However, 
interpretation of 'corrected* loading estimates for Whitefish Lake must 
be viewed with some skepticism, since application of the Flathead River 
bioassay results to Swift Creek data assumed similar sediment qualities 
(ejg. size distribution, phosphorus content, clay structure, etc.),
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But, while the validity of the Swift Creek 'correction' was certainly 
questionable, the proportions of bioavailable phosphorus in other 
important sources (ejg. bulk precipitation. Lazy Creek) cannot even be 
approximated at this time. It is interesting, though, that based on the 
reduced loading estimate (L̂ ,), predicted primary productivity in 
Whitefish Lake was closer to the measured value (Figure 17, Table 8).
While there were some differences in the corrected (L̂ ) phosphorus 
loading estimates, the observed values (L̂ ) for Whitefish and Flathead 
Lakes compared favorably, with the most apparent difference in relative 
contribution from bulk precipitation (Table 8). While the possibility 
of overestimation of this jhosihorus source is probably more important, 
the proportion of atmospheric loading to Whitefish Lake might be 
expected to be somewhat higher due to the larger relative surface area 
(4% of the total dranage basin) as compared to Flathead Lake (ca, 2.6%). 
Also, since there are no population centers upstream of Whitefish Lake, 
and therefore Swift Creek phosphorus loads are probably not supplemented 
by as much sewage effluent as is the Flathead River, the relative 
contribution from bulk precipitation is bound to be greater in Whitefish 
Lake, This is particularly true since the equivalent (sewage) inputs 
for Whitefish Lake would probably be delivered in groundwater fluxes, 
which are unknown, and therefore not included in the phosphorus balance.
When put in broader perspective, the differences between Whitefish 
and Flathead Lake were less apparent, with both lakes falling roughly 
into the oligomesotrophic classification (Table 9). The resemblance was 
apparent in the phytoplankton community with similar composition and 
estimates of biomass in both lakes, phytoplankton values for both of
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Table 9. Characteristics of trophic classification In relation to mean values for Whitefish Lake, 1962-63, and 
Flathead Lake.
Mean Phyto- Light Total
Primary plankton Dominant Extinction Organic Total Total
Productivity Density Phytoplankton Coefficients Carbon Phosphorus Nitrogen
(mg C m“  ̂d“ )̂ (emP m"̂) (n m"̂ ) (mg l” )̂ (ug ri) (ug 1” )̂
UltraoliqotrophIc <50 <1 0.03-0.8 <1-5 <1-250
OligoLrophic 50-300 Chrysophyceae, 0.05-1.0 <1-3
Cryptopîÿceae,
01Igomesotrophic 1-3 Dinophyceæ, 5-10 250-600
Bac11lariophyceae,
Mesotrophic 250-1000 0.1-2.0 <1-5
Mesoeutrophic 3-5 10-30 500-1100
Eutrophic >1000 Baciliar iophyceae, 0.5-4.0 5-30
Cyanophyceae,
Hypereutrophic >10 Chlorophyceae, 30->5000 500->15000
Euglenophyceae
Dystrophic <50-500 1.0-4.0 3-30 <1-10 <1-500
Chrysophyceae,
Whitefish Lake 190 0.2* Baciliariophyceae, 0.22 1.7 6.9 106
Dinophyceae
Baccilariophyceae,
Flathead Lakê 375 0.25° Chrysophyceae, 0.25° 1.0 7.2 111Dinophyceae*̂
Modified from Likens (1975) and Wetzel (1983) 
a sampled at 10 m (see text) 
b 1977-82 data (Stanford et al, 1983) 
c unpublished data (B. Ellis, personal communication)
these lakes were based on limited vertical sampling (10 m in Whitefish 
Lake; 5 m in Flathead Lake), but the majority of these discrete samples 
were obtained from within an isothermal epilimnion, indicating that 
mixing may have randomized the planktonic organisms (ejg. Reynolds
1984)r providing good estimates of epilimnion densities. However, 
during the period of stratification, these may have deviated 
considerably from mean water column values.
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SUMMARY AND CONCLUSIONS 
Thermal stratification patterns in Whitefish Lake were typical of a 
northern temperate lake, with two circulation periods (^ril and 
December) and the development of stable stratification in summer (i.e. 
dimix is). Winter temperature profiles showed some inverse 
stratification, but because of an incomplete ice cover in 1982-83 
(apparently an unusual condition) the mixed layer extended to 
approximately 30 m. The development of hypolimnetic oxygen reductions 
near the sediment-water interface in late summer and fall months (1982- 
83) indicated that the lake was in a transitory stage of eutrophication. 
Oxygen levels near the bottom were reduced to 50% saturation in the 
autumn of 1982 (ca. 60% in 1983). Mixing of the entire water column 
during the autumn circulation period brought dissolved oxygen levels 
back to approximate saturation.
The water balance in Whitefish Lake was dominated by snowmelt 
runoff from the Swift Creek drainage, which contributed two-thirds of 
the annual input. Swift Creek also contributed an estimated 53% of the 
lake's phosphorus input, with much smaller proportions derived from Lazy 
Creek (11%) and the other tributaries (ca. 5%). Bulk precipitation 
accounted for 31% of the external phosphorus loads, precipitation 
chemistry was extremely variable with high phosphorus concentrations 
measured in the spring and fall, and higher average TP concentrations at 
the south shore collection site; both conditions may have been related 
to seasonal inputs from nearby tree canopies. An estimated 76% of the 
combined stream and atmospheric phosporus inputs were retained in the 
lake, and were either cycled within the water column or incorporated 
into benthic sediments through internal metabolic and geochemical fluxes
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(cf. Vollenweider and Kerekes 1980; Wetzel 1983).
Depth profiles of phytoplankton primary productivity showed that 
maximum rates occured at 2.5 to 5 m, and that the annual extent of the 
compensation depth was approximately 30 meters, productivity increased 
from low rates in November and December (i.e. 80-120 mg C m”^ day” )̂ to 
a peak rate early in May (>400 mg C m”^ day"^), responding to increases 
in solar radiation. Sudden reversal of this positive trend occured 
within a two week period, with a minimum level of productivity reached 
by June (<130 mg C m~^ day”^), which corresponded to the import (and 
advective circulation) of fluvial suspended solids during the snowmelt 
runoff peak. The recovery in July (to ca. 220 mg C m"^ day” )̂ was 
accompanied by increases in light penetration following sedimentation of 
the stream inputs. Annual primary productivity was 69.2 g C m”^ yr"^ 
(range: 59.6 - 78.9 g C m"^ yr” )̂ which was within the range expected 
for oligotrophic lakes (cf. Likens 1975a; Wetzel 1983).
Discrete epilimnion samples of the phytoplankton community 
indicated that annual biomass was dominated by a May-June bloom of the 
colonial chrysophycean, Dinobryon divergens, with peak populations 
recorded on June 6 (>500 mm^ m"*̂ ). Summer communities were dominated by 
by a mixture of the dinoflagellate, Ceratium hirundinella, and diatoms 
(primarily Fragilaria spp., with Asterionella formosa and 
Coscinodiscaceae). Large populations of Ceratium persisted in the late 
summer and early autumn samples, attaining peak levels in August 1982 
(ca, 60 mm^ m” )̂ and September 1983 (>150 mm^ m” )̂. Tbtal biomass 
declined to minimum densities in the autumn/earl y winter period (ca. 70 
mm^ m~^ in November and December samples), but recovered (to ca. 180 mm^ 
m“ )̂ with a midwinter bloom in the diatom community. Diatoms were
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prevalent throughout the mid winter/spring period (primarily Fragilaria 
spp. and Synedra spp, with Coscinodiscaceae (earlier) and Tabellaria 
spp. (later)). While diatom biomass remained relatively high (ca. 60 
mm^ m” )̂ through May and June they were of reduced importance due to the 
onset of the spring Dinobryon bloom which coincided with the sharp 
reductions in community productivity rates.
Algal colonization of artificial substrates in the benthic littoral 
region demonstrated spatial differences in biomass accumulation.
Greater chlorophyll concentrations were measured on the more populated 
northeast and southern shores than on the undeveloped southwest 
shoreline. Ihis suggested that the measured biomass differences could 
have been related to cultural influences in nutrient availability (ejg. 
leakage of wastewater from old or poorly maintained septic systems). 
However, the greater average accumulation of chlorophyll on the 
'developed* (ejg. northeast) shoreline may also have occur ed in response 
to natural influences (ejg. greater direct solar irradiance or higher 
nutrient levels associated with localized shoreline springs and seeps 
(i.e. natural groundwater inputs).
The average inflow concentration of phosphorus [p]^ in Whitefish 
Lake was just below a threshold of 'excessive* phosphorus loading (ca.
25 mg m""̂ ; vollenweider and Kerekes (1980)). The Vollenweider and 
Kerekes (1980) model predicted a mean phosphorus concentration of 9.2 mg 
m“"̂  for Whitefish Lake. The observed average lake concentration was 
lower (6.9 mg m” )̂. Assuming the model is valid, this implied either an 
overestimate of external phosphorus loading (as suggested earlier for 
bulk precipitation) or an underestimate of sedimentation and flushing 
losses (since these were approximated in the model).
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Itie water and phosphorus balances of both Whitefish and Flathead 
Lakes were strongly influenced by snowmelt runoff, but Swift Creek 
probably had less impact on phosphorus loading (and perhaps primary 
productivity in Whitefish Lake when compared to the role of the 
Flathead River in Flathead Lake, Contributions of phosphorus from bulk 
precipitation were of greater relative significance in Whitefish Lake 
(31% of the measured input) than in Flathead (12% of the comparable 
value). Some of this difference might be due to the smaller surface 
dimensions of Whitefish Lake (particularly width) in relation to 
proximity of the forest canopy; but, it might also be inferred by the 
larger relative surface area of Whitefish (4% of the drainage basin) 
compared to Flathead (ca. 2.6%).
Overall, limnological conditions in Whitefish Lake were within the 
ranges typical of oligotrophic lakes. However, the observed late 
summer and fall hypolimnetic oxygen reductions (during both 1982 and 
1983) were indicative of a more mesotrophic character, Thus, the lake 
was classified as oligomesotrophic to more accurately describe its 
apparent transitional stage in eutrophication.
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Appendices
Appendix A. Chemical data for the major tributaries, bulk précipita ton, 
the outlet, and epilimnion and hypolimnion samples of the north and 
south midlake sites of Whitefish Lake, Montana, 1982-83.
A, 1 Spec i f ic cond uc tance 
A. 2 pH
A.3 COg alkalinity
A.4 Particulate organic carbon (FOG) 
A.5 Dissolved organic carbon (DOC)
A.6 Nitrate (NO3-N)
A.7 Tbtal Kjeldahl nitrogen (TKN)
A. 8 Soli±>le reactive phosphorus (SRP) 
A.9 Tbtal phosphorus (TP)
A.10 Sulfate (SO4-S)
A.11 Tbtal suspended solids (TSS)
App«ii41s A.l Specific conductance (umhoe/cm @ 25"C) . Values were aeaeuced at field aitee with portable meter# (Hydrolab 
Surveyor model 60, ÏSI SCT mater model 33) unless otherwise indicated
1 6 19 3 S 12 10 8 22 6
VIII rt XII II III III IV V V VI
82 82 82 83 S3 83 S3 83 83 S3
29 10 10 26 13 31 9
VI VII VIII VIII IX X XII
83 S3 S3 83 S3 S3 S3
A - Swift Cr.
B - Laay Creek 
C - Hellroaring Cr.
166" 129 118 392 101 122 117 1 28 141 149
152" 105“ 129
211 207 216 210“ 297 216 196 226 219




D - Whitefish R. 138 128 152 145" 155 136 139 130 155 137
D - Whitefish Re 
dupllcete 145“144*
E - Epllisilm,
north 140 142 156
144 162 156 139 159 162 156
E - Hypolimnloop
north
147 143 155 144 160 159 139 156 164 156
F - ^illmnloo,
south
138 141 139 143 146 149 139 158 163 138 155 151 151 154 157
F - HypolloAlon,
south
143 145 146 157 144 160 164 140 161 159 162 156 155
"laboratory
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Appendix A. 2 Laboracory aeaaurad pH (unlta). Repli pace values were decemined as a quality concrpl meaaure on selected saeplea 
(sacond line of data).
9 17 25 6 5 19 3 6 10 8 22 6 29 10 6 10 26 13 31
Sice IX IX X XT XIÎ XII 11 III IV V V VI VI VII VIII VIII VIII IX X
82 62 82 82 62 82 63 63 63 83 63 83 83 63 63 83 63 63 63
A - Swift Creek 8.1S 8.16 8.04 8.04 8.01 8.00 7.»4 7.80 7.67 7.92 7.9 7.91 7.29
8.15 7.56
B - Lazy Creek 7.94 7.92 8.02 8.04 7.77 8.00 8.06 8.06 7.76 8.12 7.70 7.91 7.46
7.93
C - HellToaring Cr. 8.11 8.09 8.11 8.13 7.96 7.66
0 - Whitefiah R. 8.21 7.99 8.06 8.10 8.04 8.04 8.08 8.06 8.12 8.10 8.09 7.98 7.63
8.09
D • Whitefiah R. 8. 16 8.09 8.05 8.03 8.02 8,04 8.02 8.12 8.12 8.08 7.94 7.55
duplicate 8.20 8.03 8.04
E -  Epilisaiion, 8.19 7.87 8.00 8.00 7.99 8.00 8.06 7.97 7.97 8.02 7.73 8.03 8.04
north 8.03
E -  Hypollneiion. 7.63 7.70 8.02 8.02 7. 77 7,97 7.97 7.96 7,77 7.88 7.97 7.83 7.62
north 8.02
P - Epiliamion. 7.79 8.30 8.2 1 7,99 7.85 8,04 8.0 3 8.02 7.98 8.05 7.99 7.93. 8.04 8.11 7.98 7.66
south 8.08" 7.96°
r - Hypolimnion. 7.62 7.89 8.06 8.01 7.79 8.00 7.99 7.91 7.76 7.87 7.94 7.78 7.26
C - Bulk precip, 5.94 5.99 6.60 5.36 5.29 5.58 6.08 5.22 6.43
south 5.23
H - Bulk precip. 5.04 5.73 5.13 4.70 5.00 4.58 4.85 4.40 6.40
north 4.71 4.99 4.52 4.82
'sampled at 5 n 
sasvled at 8 m
Appendix A 3  Carbonate alkalinity <ng/i sa CaOOg). Replicate valuaa were determined on selected essaies (sacond line of data).
1 9 17 6 5 19 3 6 10 6 22 6 29 10 6 10 26 13 31
Site VIII XX IX XI XII XII 11 III IV V V VI VI VII VTII VIII VIII IX X
62 62 82 82 82 62 83 83 63 83 63 63 63 83 83 83 83 83 63
A - Swift Creek 76.6 72.8 81.6 72.8 69.3 62.2 62.6 65.1 70.5 78.8 83.6 79.1
81.6 69.8
8 - Lazy Creek 111.8 108.0 121.0 120.6 111.0 117.5 116.3 113.8 110.9 113.8 119.5 113.8
C - Hcllroartng Cr. 94.9 90.9 94.9 102.8 108.2 104.1
D - Whitefiah R. 81.8 78.1 86.2 82.6 84.9 83.7 81.3 79.0 77.2 79.0 81.9 80.5
D - Whitefish R. 77.0 87.1 82.5 85.1 84.0 81.3 78.9 77.1 78.5 82.5 79.9
duplicate 75.0 82.2
E - Epilimnion. 80.7 76.8 82.9 84.8 84.8 82.9 80.3 75.4 74.1 77.3 82.7 83.1
north 79.9 79.4
E - Hypolimnion. 79.6 76.3 83.6 84.0 85.2 8 3.9 81.1 81.1 78.2 83.0 85.0 84.0
north
P - Eplllmmioo, 60 0 63.6 83.6 69.6 81.0 77.7 64.3 64.3 85.0 62.6^ 79.5 76.6. 74.6 78.2 82.3 60.S
•outh 63.6 77.1
F - Hypolimnionp 60.3 79.4 62.9 63.5 85.4 84.5 81.5 60.0 81.4 62.5 63.4 61.5
south 60.4
C • 8ulk pr«clp. 2.1 4.7 11.6 1.8 1.3 2.0 2.8 1.0 20.1
south 1.3
H - Built precip, 1.4 3.6 1.3 0.4 1.1 0.4 0.9 0.0 26.6
north 0.3 1.4 0.3 0.9
%«apied at 5 m 
^sampled at 6 m
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Appendix A. & Particulate arganle carbon - POC (mg/l-C). Valuaa are me ana of replicate analyica with atandard deviation and 
aample alee In parentheaea.
1 25 19 3 8 10 8 22 6 10 10 13 31site VIII % XII II III IV V V VI VII VIII IX X82 82 82 S3 83 83 83 83 83 83 83 S3 83
A - Swift Creek 0.09 0.08 0.04 0.04 0.57 0.28 0.37 0.65 0.59 0.19 0.20 0.15 0.13(.00:2) (.02:4) (.02:2) (.00:3) (.14:3) (.02:3) (.03:3) (.09:3) (.04:3) (.02:3) (.01:3) (.01:2) (.08:2)
8 - Laay Creek 0.14 0.24 0.16 0.54 0.59 0.37 0.27 0.45 0.31 0.40 0.41 0.30(.02;3) (.02:3) (.00:2) (.25:2) (.03; 3) (.02;3) (.02:3) (.02:3) (.02:3) (.01:3) (.02:3) (.02:3)
C - Hellroarln# Cr. 0.25 0.27 0.16 0.23 0.16 0.20(.02:3) (.01:3) (.03:3) (.02:3) (.01:3) (.03:2)
0 - Whitefiah k. 0.12 0.13 0.55 0.10 0.10 0.24 0.32 0.13 0.28 0.21 0.19 0.21 0.15
(.02:3) (.00:2) (.48:2) (.02:3) (.00:3) (.02:3) (.05:3) (.04:3) (.02:2) (.02:3) (.01:3) (.00:3) (.04:3)
0 - Whitefiah R. 0. 14 0. 14 1.05 0.11 0.10 0.22 0.35 0.24 0.31 0.24 0.22 0.24 0.17duplicate (.02:3) (.02:2) (.12:3) (n-l) (.08:2) (.02:3) (.03:3) (.02:3) (.02:3) (.03:3) (.01:3) (.06:3) (.04:3)
E - Epilimnion, 0.10 0.16 0.87 0.11 0.22 0.28 0.28 0.31 0.21 0.24 0.28 0.16
north (.02:2) (.01;3) (.08;3) (.08:3) (.01;3) (.02:3) (.00:3) (.01;3) (.02:3) (.02:3) (.02:3) (.00;3)
E ' Hypolimnion. 0.09 0.07 0.40 0.40 0.06 0.21 0.15 0.13 0.08 0.01 0.09 0.08 0.06
north (.01:3) (.01:3) (.08:3) (n-l) (.00:3) (.01:3) (.00:3) (.02:3) (.01:3) (.01:3) (.01:3) (.00:2) (.01:3)
F- Epllloxilon. 0.08 0.10 0.79 0.17 0.2 3 0.26 0.24 0.4 1 0.24 0.19 0.29 0.16
aouth (.00:2) (n-l) (.02:3) (.00:2) (.02:3) (.03:3) (.05:2) (.02:3) (.04:3) (.01:3) (.07:3) (.02:3)
F • aypollimlaa, 0.06 0.08 0.30 0.09 0.07 0.18 0.16 0.12 0.10 0.11 0.10 0.10 0.08
aouth (.01:3) (.01:3) (.04:3) (n-l) (.00:3) (.00;3) (.02;3) (.02;3) (.01;3) (.00;2) (.01;3) (.02:3) (.02:3)
Appendix A.5 Dlaaolved organic carbon - DOC (mg/t-C). Value# are me ana of replicate analyaea with acandard 
deviation followed by aaaqile alze In parentheaea.
25 19 3 8 10 8 22 6 10 10 13 31
Site X XII II III IV V V VI VII VIII IX X82 82 83 83 83 83 83 83 83 83 83 83
A - Swift Creek 0.51 1.25 2.28 3.43 3.10 1.04 0.84 1.14 0.64 1.03 1.03
(.09:4) (.53:2) (.02:2) (.10:2) (n-l) (.07:2) (.04:2) (.11:2) (.12:3) (o-l) (.10:2)
» - Laay Creek 1.22 2.42 4.26 6.16 6.12 2.63 3.21 2.30 1.48 2.22 1.20
(n-l) (n-l) (.32:2) (.13:2) (.67:2) (.21:2) (.11:2) (.02:2) (.11:2) (.12:2) (.01:2)
C - Hellroaring Cr. 0.95 1.03 0.92 0.63 0.74 1.48
(.06:2) (.12:2) (.08;2) (.03:2) (.00:2) (.43:2)
D - Whitefiah R. 1.45 1.54 0.44 1.08 1.66 1.80 1.53 1.49 2.22 1.45 1.46 1.38
(.32:2) (.05:2) (.02:2) (.07:2) (.12:2) (.22:2) (.01:2) (.11:2) (.37:2) (.16:2) (.02:2) (.29:2)
0 - Whitefiah R. 1.57 2.30 1.32 1. 14 1.92 1.79 1.32 1.39 1.55 1.36 1.64
duplicate (n-l) (1.1;2) (.02:2) (.04:2) (.16:2) (.13:2) (.01:2) (.00:2) (.08:2) (.12:2) (.10:2)
e - EplUmnton, 1.20 1.92 1.33 1. 15 1.56 1.74 1.46 1.28 1.67 2.02 1.40 1.55
north (n-l) (.37;2) (.05:2) (.01:2) (.08:2) (.12:2) (.02:2) (.01:2) (.03:2) (.69:2) (.02:2) (.22:2)
E - HypoUanlcn, 1.41 1.92 1.86 1.22 1.52 1.49 1.15 1.43 1.82 1.39 1.68 1.28
north (.32:2) (n-l) (n-l) (n-l) (.03:2) (.02.2) (.12:2) (.15:2) (.30:2) (.04:2) (.56:2) (.06:2)
F - EpUanlon, 2.62 1.68 1.49 1.20 2.20 1.68 1.03 1.56 1.69 1.63 1.53 1.32
aouth (.30:2) (.57:2) (n-l) (.04:2) (.57:2) (.11:2) (.07:2) (.01:2) (.09:2) (.08:2) (n-l) (.15:2)
F - Hypollanlon, 1.20 1.57 0.49 1.43 1.68 1.54 1.03 1.23 1.93 1.34 1.47 2.16
south (.02:2) (.22:2) (n-l) (n-l) (.11:2) (.04:2) (.10:2) (.03:2) (.18:2) (.15:2) (.36:2) (n-l)
76
Repro(juce(j with permission of the copyright owner. Further reprortuction prohibitert without permission.
Appendix A.6 Nieret# - NO.-N , Htpl.lc«t« values and spike recoveries (X) were determined on selected samples (•ddlelonsl
lines of decs). A spike recovery demonacraces analytical accuracy and is deccnslned by adding a known awoune of 
acaodard solution to a previously meaaured sample, and then coeiparlng the oPaer^d value to the expected value.
I 9 25 S 19 3 8 10 8 22 6 29 10 6 10 26 13 31 9
Site VIII IX X XII XII II II: IV V V VI VI VII VIII VIII VIII IX X XII
82 82 82 82 82 83 83 83 83 83 83 83 83 83 83 83 83 83 83
0 - Whitefiah R, 
duplicate
£ - Epiliamion, 
north
£ - Hypolimnion, 
north
F - £plli#&ion, 
south








A - Swift Creek <0.02
B - Lssy Creek 
C - Hellroaring Cr 






<0.02 <0.02 o.oe o.oe 0.06 O.O? O.OO 0.05 0.06 0.05 
0.09 (99X5 (110%)(106%)(110%)(107%)




0.02 0 .02 <D.02 0 .02 0 .02 <0.02 0.02 <0.02 <0.02 <0.02 
0.02 0.02 
0.02 0.02
0.02 0.02 0.02 0.02 <0.02 <0.02 0.02
(105%)
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
0,02
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
0.02 0.02 0.02 O.02 O.02 O.02 O.02 0.02.
0.02 0,02 0.02 
<0,02*

















<0.02 0.02 0.09 <0.02 
0.09
0.12 0.02 O.10 0.07
<0.02 <0.02 0.02(110%)
<0 .0 2 <0 .0 2 <0 .0 2
<0 .0 2 (102%)





<0 .0 2 <0 .0 2 <0 .0 2(100%)
<0 ,02 <0 .0 2 <0 .02
<0 .0 2 <0 .0 2 0 .0 2
0.15 0.10 <0.02 <0.02
0.10 0.08 <0,02 9.02
faasipled at 5 
saaplad at 8
Appendla A.7 Tot ai Kjeidakl oitregea - TKN Cag/iHt). Replicate value# sad spike racovert«a <%> ware datarwLaed on aelaeced aaaplea 
(addicloBai 1,1,nae ef data).
1 9 25 5 19 3 6 10 8 22 6 29 10 6 10 26 13 31 9
Sic# VIII IX X XXI XII II III IV V V VI VI VII VIII VIII VIII XX X nt
82 82 82 82 82 83 83 83 83 83 83 83 83 83 83 83 83 83 83
A * Swift Creek 
B • Laay Creek 
C - Hallreariag Cr. 
D - Whitefiah R.
D - Whitefiah R.dî lieate
B *■ rpllleniim . 
earth
B - Bypolieaiaa, 
earth
T - Bpiliamica, 
aouth
r - Nypaiieskiou, 
south
G " Bulk precip, 
south














0.06 0.04 0.17 0.14 0.09 0.15 0.10
(104%) (89%) (101%)
0.12 0.10 0.32 0.24 0.21 0.16 0.11
0.07 0.05( 110%)
0.09 0.09 0.09 0.10 0.10 0.IS 0.08
0.09 0.08 0.10 0.10 0.10 0.08 0.100.07
0.08 0.09
0.05 0.05 0.08 0.08 0.08 0.09 0.13 0.13 0.06 
0.06 0.06 
0.04 0.07
0.09 0.09 0.10 0.09 0.12 0.14 0.14
0.08 (99%)
0.08 0.08 0.11 0.10 0.11 0.14 0.13^o.oê* o.ir























1.25 0.67 0.47 0.36
0.87 0.36 0.84 0.14
0.40 0,32 0.81
Haapied at 5 a 
^sampled at 6 u
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Appendix A.S Soluble reeccive phoephorue * SRP (ug/£<-P)» Replicate value# and eplfce recoverlee (?) 
on eelected semplea (additional line# of data).
were determined
1 9 25 5 19 3 8 10 8 22 6 10 10 13 31
sit. VIII IX X XIX XII II III IV V V 7% VII VIII IX %
82 . 82 82 82 82 83 83 S3 83 83 83 83 83 83 S3
A - Swift Creek <1.0 1.3 1.5 1.6 1.7 1.9 3.2 1.3 1.2 <1-0 3.8 <1.0 <1.0 1.3 2-2
<1.0 1.2 (98%)
B - Lezy Creek S.a 3.8 3.0 9.1 7.0 8.8 9.1 4.8 4.8 5,4 3.5 4.2 5,4 4.6 4.0
3.8 3.3 9.0 7.0 8.5 (101%) 4.9
C - Bellroerlns Cr. <1-0 <1.0 <1-0 1.4 <1-0 2-5
D - Whitefieh R. <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
D - Whitefiah R. <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1-0
duplicate (941)
B - Bplllmnloa, <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1,0 <1.0 <1-0 <1.0
north (93%) (98%) <1-0 <1.0
E - Hypollution. <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.5
north <1,0 (104%) <1.0(95%)
r - EpUanlon, <1.0 <1,0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1,0 <1.0. <1.0 <1.0 <1.0 <1.0
eouth (100%) <1.0 <1.0*(100%) <1.0̂ <1.0 1.7
F - BypoUanton, <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1,0 <1.0 <1.0 <1.0 <1.0 <1.0 <1-0
eouth (96%) (1021) (107%)
eaepled at 5 a 
bga^led at 8 a
Appendix a .9 Total pnoepnom# - TP (we/f-P). Replicate value» end epike recoverlee <Z) were detendned on eelected oeaplee 
























































A - &vift Creek 4. 1 5.6 6.8 5 9 7.2 6.9 39.2 7.4 15.4 26.0 38.2 9.6 5.6 3.0 4.1
4.1 7,5 6.1 (100%) 6.4 5.5 4.8
B * Laay Creek 1.7 13.0 19.7 17.4 18.0 20.8 46.6 18.8 20.5 17.7 18,5 17.0 IS.6 14.6 11.0
1.6 17,3 !(105%)<91%) (94%)
C - Hellrearing Cr. 10.6 6.5 7,5 6.3 6.2 6,2
D - Whitefieh R. 4.5 3,9 6.5 4,9 5,4 6.2 6.6 6 7 7.6 7.4 a. 3 9.6 5.2 5.5 2.9
D - Whitefish R. 4.5 5.2 6,5 5.4 11.6 7.7 7.8 7.7 7.2 7-6 8.4 5.0 5.2 4.1
duplicate
t - Cpllisiioa, 
north
C • Hypollanlon,
P •» Epllianion, 
eouth
r - Hypoiimon, 
eouth
C - Bulk precip, 
south
H - Bulk precip, 
north
4.5 2.7 10.0 4.5 6.1 4.4 12.4 7.4 7.4 9.8 11.5
(951) 11.3
4.3 3. 3 9.8 3.7 5.7 9.2 7.9 7.0 5.7 9.2 6.4
(98%) 6.1 (94%)
4.7 2.7 6.6 4.9 5.5 9.8 11.5 8.0 8.3 S.I 11.0
(100%)<104%} 7.0 (94%), 9.7.
6.6 8.1











68.9 462.6 886.8 158.0 83.1 116.5





127.1 102,7 670.7 132.8 
15.7 45.6 190.0 66.4
^eanpUd at 5 n 
^eanpled at 8 a
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ApptadlK A.10 Sulf«c< - (**/ t-S) . Rftpileacc v«luA« #ad splkA r«coverle» (,%) were decerauLned on eeiecced s«api«« (addtcionei
lioee of decs).
1 9 25 5 19 3 8 10 8 22 6 29 10 6 10 26 13 31 9
Sic# VIII IX X XII XII II III IV V V VI VI VII VIII VIII VIII IX X XII
82 82 82 32 82 83 83 83 83 83 83 83 83 83 83 83 83 83 83
A - Svtfc Creek 0.49 0.46 0.50 0.49 0.45 0.59 0.59 0.60 0.5? 0.54 0.48 0.50 0.42 0.48 0.47
0.51 (99%) (105%)(105%)<107%)(107%) (103%)
B - Lexy Creek 0.62 0.58 0.52 0.61 0.60 0.71 0.79 0.83 0.78 0.80 0.73 0.64 0.39 0.61 0,62
0.62 (100%)(108%) 0.71 0.82 0.62 (99%)
C - Bellreerlng Cr. 0.53 0.47 0.43 0.38 0.43 0.43
0.47 (106%)
0 - Whitefieh R. 0.36 0.51 0.53 0.55 0.35 0.60 0.60 0.68 0.65 0.68 0.66 0.58 0.53 0.54 0.51
0 - Whitefieh R. 0.55 0.51 0.52 0.53 0.60 0.61 0.67 0.67 0.72 0.68 0.58 0.53 0.54 0.51
dupiieecc (109%)
E - Epilimnion. 0.64 0.51 0.52 0.53 0.51 0.59 0.63 0.65 0.66 0.65 0.65 0.58 0.53 0.53 0.49
north <942> 0.67 0.52
E - Hypolienion. 0.61 0.56 0.56 0.53 0.51 0.60 0.59 0.65 0.67 0.67 0.68 0.66 0.58 0.58 0.56(1001) 0.56 (98%)




F - Hypolienion, 0.62 0.52 0.56 0.53 0.53 0.59 0.63 0.66 0.65 0.76 0.74 0.63 0.57 0,59 0.56
eouth (97%) 0.55
C - Bulk precip. 0.40 0.19 1.92 0.19 0.21 0.10 0.22 0.21 1.15 0.23





0.42 0.16 0.12 0.08 0.13 0.19 0.96 <0.03
yOmea of cvo replie*ce 
^eempied ee 5 e eeapicd ec 6 ■
eoAlyeee (0.67» 0.69)





























A - Swift Creek 38.3 2.8 19.4 52.2 133.3 5.3 2,8 1.4 0.8
6 - Lazy Creek 3.0 0.8 0.9 <0.5 1.1 1.0 2.4 3.1
C - Hellroaring Cr. 9.0
D - Whitefish R, 0.3 2.4 1.4 1.0 1.3
D - Whitefish R. 
duplicate
0.6 3.0 1.2
E - Epilimnion, 
north
7,5
F - Epilimnion, 
south
4.6^
sampled at 8 m
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kppandl* B. Profilas of naan mldlaka slta of vhltaflah Laka,light penetration , Montana, 1982-83.
(PAR,, uE sac"* 
Total extinction
) during midday primary productivity Incubations at the aouth 




































8 1378 1289 327.5 278.8 221.1 371.4 598.8 1283 795.3 1591 1581 944.7 1884
1 718 781 87.8 122.9 97.6 118.7 294.2 463.2 291.9 889.4 929.6 446.8 567.3
2.5 686 476 75.7 68.3 76.5 181.9 288.8 375.9 235.8 581.5 532.8 388.9 488.6
5 415 231 64.8 43.9 48.7 68.7 117.8 223.8 133.6 382.3 166.8 171.8 282.8
7.5 256 135 48.8 26.5 28.9 48.5 68.9 125.7 72.4 154.3 68.8 181.1 116.8
18 118 87.7 28.8 16.5 12.4 23.4 39.6 75.8 35.8 78.8 14.2 51.8 67.3
12.5 38.4 49.8 14.4 18.8 7.8 15.8 21.4 46.8 18.1 38.2 4.7 24.3 41.2
15 16.4 25.8 8.8 6.2 5.7 9.1 13.3 27.7 18.3 19.1 1.9 15.6 23.6
17.5 15.8 14.8 6.4 4.3 3.8 6.1 9.2 16.5 5.6 9.5 1.8 8.3 12.8
28 9.6 7.7 3.9 2.4 1.8 3.3 4,7 18.8 2.4 5.1 8.5 3.8 7.8
22.5 6.8 5.2 2.8 1.8 1.2 2.4 3.2 7.5 1.7 3.4 8.3 2.7 4.8
25 2.3 2.6 1.6 1.1 8.7 1,5 1.7 4.1 1.8 1.6 8.2 1.5 2.6
27.5 1.9 1.8 8.9 8.8 8.5 1.1 1.3 2.9 1.1 8.2 1.8 1.8
38 1.2 8.9 8.2 8.4 8.4 8.6 8.8 1.6 8.6 8.1 8.5 1.8
Totalaaclnctlon 8.234 8.228 8.192 8.186 8.195 8.184 8.284 8.195 8.247 8.255 8.327 8.235 8.218
oo*Cflci«nt 
(n 0“1>
Appmndl» ca Twporal diautbutlon In the bloaaas (u^ n~̂ ) of phytoplanktnn ay»t«Mtlc group» in duplicata (U a. h and 
sanplaa at tha aouth nidlaka slta of Mhltafish Laka, Montana, 1982-93.
1 17 6 .5 19 3 8 10 a 22 6 10 10 13 31Systematic group Aug Sept Nov Dec Dee Feb Mar Apr Nay Nay June July Au9 Sept Oct
82 82 82 82 82 83 83 83 83 83 83 83 83 83 83
Chlorophyceae 28 3 4 16 9 17 39 77 37 20 S 13 11 2 198 18 18 28 11 20 5 12 11 10 6 4 5 2 4
Euglenophyceae _ + . - - « a. a. aai _ • •
- - - ♦ • • - - - 3 - 1 1 - I
Dinophyceae IS 79 24 32 14 22 19 6 57 65 112 156 160 152 2124 64 56 27 9 31 64 51 73 46 51 31 86 177 40
Cryptophyeeae 16 a 9 16 21 58 11 8 7 24 34 20 12 12 1118 8 5 11 25 a 5 16 S 11 15 13 12 9 11
xanthophycaaa ♦ + - - - • .. ee - a. • 3 ♦ _ •1 + - - * - * - - 3 X + -
Chrysophyceae 18 8 7 5 3 3 7 10 65 187 696 2 33 49 4818 13 2 1 1 2 2 8 144 62 375 4 6 67 48
aactllarlophyceae 153 18 28 21 22 103 122 136 130 105 83 153 81 4 50
76 32 4 4 10 86 57 38 10 4 8 5 6 16 33
Cyanophyceae 2 1 + 1 • 4- + 4- - . 4 4- *1 1 2 + + 1 1 - — ♦ 2 1 4- 3
Total call VDlune 216 117 63 89 71 203 198 237 296 401 931 348 298 220 150138 128 88 63 56 160 134 124 247 137 455 63 118 271 140
<1 am)
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Appendix D, Horizontal and temporal variations in net accumulation of 
chlorophyl 1-a and phaeopigments (mg m”^ month“ )̂ on artificial 
substrates placed at benthic littoral sites (1 m. Figure 1) in Whitefish 
Lake, Montana, 1982-83. The range of duplicate values are indicated.
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Literature Cited
American Public Health Association. 1980. Standard methods for the 
examination of water and wastewater. 15th ed. Washington, D.C,
1193 pp.
Andersen, M. E. and H. E. Jobson. 1982. ODmparison of techniques for 
estimating annual lake evaporation using climatological data.
Water Resources Research 18:630-36.
Bodmer, S. and N. Stark. 1980. Final report on studies of non-point 
source pollution in the upper Flathead drainage. School of 
Forestry and Montana Forest and Conservation Experiment Station, 
university of Montana, Missoula. March, 1980. 159 pp.
Brylinsky, M. and K. H. Mann. 1973. An analysis of factors governing 
productivity in lakes and reservoirs. Limnology and Oceanography 
18:1-14.
Carmack, E. C. and D. M. Farmer. 1982. Cooling processes in deep,
temperate lakes: a review with examples from two lakes in British
Columbia, journal of Marine Research 40:85-111.
Dillon, P. J. 1975. The phosphorus budget of Cameron Lake, Ontario:
The importance of flushing rate to the degree of eutrophy of lakes. 
Limnology and Oceanography 20:28-39.
Feller, M. C. and J, P. Kimmins. 1984. Effects of clearcutting and 
slashburning on stream water chemistry and watershed nutrient 
budgets in southwestern British Columbia. Water Resources Research 
20:29-40.
FitzGibbon, J. E. and T. Dunne. 1981. Land surface and lake storage 
during snowmelt runoff in a subarctic drainage system, Arctic and 
Alpine Research 13: 277-285.
Fredricksen, R. L. 1972. Nutrient budget of a Douglas-fir forest on an 
experimental watershed in western Oregon. In: J. F. Franklin, C. J.
Dempster and R. H. Waring (eds.) Research on Coniferous Forest 
Ecosystems, Proceedings of a Symposium held at Bellingham, 
Washington, pp. 115-131. Forest Service, U. S. Dept. Agriculture, 
Pacific Northwest Forest and Range Experiment station, Portland, OR
Gregory, K. J. and d , E. Walling. 1973. Drainage Basin Form and 
process. Halstead press. New York. 458 pp.
Gruendling, G. K. 1971. Ecology of the epipelic algal communities in 
Marion Lake, British Columbia. Journal of Phycology 7:239-249,
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Hall, C. A. S. and R. Moll. 1975. Methods of assessing aquatic primary 
productivity, in: H. Lleth and R, H. Whittaker (eds.) primary
productivity of the Biosphere, Springer-Verlag, New York. pp. 19- 
53.
Hobro, R. and E. Willen. 1977. Kiy to plankton countings.
Intercalibration results and reccomendations for routine work. 
Internationale Revue der gesamten Hydrobiologie 62:805-811.
Holm-Hansen, O, and B. Rieraann. 1978. Chlorophyll a determination: 
improvements in methodology. Oikos 30:438-447.
Hynes, H. B. N. 1975. The stream and its valley. Verhandlungen der 
Internationalen Vereinigtng fuer Limnologie 19:1-15.
Johns, W. M, 1970. Geology and mineral deposits of Lincoln and
Flathead Counties, Montana. Montana Bureau of Mines and Geology, 
Bulletin 79. 182 pp.
Jokiel, P. L. and R. H. York, Jr. 1984. Importance of ultraviolet
radiation in photo inhibit ion of microalgal growth. Limnology and 
Oceanography 29:192-199.
Kalff, J, and R. Knoechel. 1978. Phytoplankton and their dynamics in 
oligotrophic and eutrophic lakes. Annual Review of Ecology and 
Systematics 9:475-495.
Keller, P. E., S. A. Paulson and L. J. Paulson. 1981. Methods for
biological, chemical, and physical analysis in reservoirs. Lake 
Mead Limnological Research Center, Technical Report No. 5. 234 pp.
Lehman, J. T. 1976. Ecological and nutritional studies on Dinobryon
Ehrenb,: Seasonal periodicity and the phosphate toxicity problem.
Limnology and Oceanography 21:646-658.
Lewis, W. M. Jr. 1983. A revised classification of lakes based on 
mixing. Canadian Journal of Fisheries and Aquatic Sciences 
40:1779-1787.
Likens, G. E. 1975a, Primary production of inland aquatic ecosystems.
In: H. Lieth and R. H. Whittaker, (eds.) primary productivity of
the Biosphere. Springer-Verlag, New York. pp. 185-202.
Likens, G. E. 1975b. Nutrient flux and cycling in freshwater
ecosystems. In: F. G. Howell, J. B. Gentry and M. H. Smith (eds.)
Mineral Cycling in Southeastern Ecosystems. ERDA Symposium Series 
CONF-740513. pp. 314-348.
Likens, G. E. and F. H. Bormann. 1974. Linkages between terrestrial 
and aquatic ecosystems. Bioscience 24:447-456.
86
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Likens, G. E. and F, H. Bormann. 1979. The role of watershed and
airshed in lake metabolism. Ergebnisse der Limnologie 13:195-211.
Likens, G. E,, F. H. Bormann, R. S. Pierce, j. s. Eaton and N. M. 
Johnson, 1977. Biogeochemistry of a forested ecosystem, 
Springer-Verlag, New York. 146 pp.
Lind, O. T. 1979. Handbook of Common Methods in Limnology, 2nd ed.
C. V. Mosby, St. Louis, 199 pp.
Linsley, R. K. Jr., M. A, Kohler and J. L. H. Paulhus. 1975.
Hydrology for Engineers. 2nd ed. McGraw-Hill, New York. 482 pp.
Loeb, S. L. 1981. An in-situ method for measuring the primary 
productivity and standing crop of the epilithic periphyton 
community in lentic systems. Limnology and Oceanography 26:394— 
399.
Loeb, S. L. and J. E. Reuter. 1981. The epilithic periphyton 
community: a five-lake competitive study of community
productivity, nitrogen metabolism and depth-distribution of 
standing crop, Verhandlungen der Internationalen Vereinigung fuer 
Limnologie 21:346-352.
Loeb, S. L., J. E. Reuter and C. R. Goldman. 1983. Littoral zone 
production of oligotrophic lakes, in: R. G. Wetzel (ed.)
Periphyton of Freshwater Ecosystems. Dr W. Junk, The Hague, pp. 
161-167.
Lorenzen, C. J. 1967. Determination of chlorophyll and pheo-pigments: 
spec tropho tome trie equations. Limnology and Oceanography 12:343- 
345.
Lund, J. W. G, 1964. Primary production and periodicity of
phytoplankton, verhandlLungen der internationalen Vereinigung fuer 
Limnologie 15:37-56.
Lund, J. W. G., C. Kipling and E. D. LeCren. 1958. The inverted
microscope method of estimating algal numbers and the statistical 
basis of estimations by counting. Hydrobiologia 11:143-170.
Marker, A. F. H., C. A. Crowther and R. j. M. Gunn. 1980a. Methanol 
and acetone as solvents for estimating chlorophyll a and 
phaeopigments by spectrophotometry. Ergebnisse der Limnologie 
14:52-69.
Marker, A. F. H., E. A. Nusch, H. Rai and B. Riemann. 1980b.
The measurement of photo synthetic pigments in freshwater and 
standardization of methods: Conclusions and recommendations.
Ergebnisse der Limnologie 14:91-106.
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Marker A. F. H. and s. Jinks. 1982. The spectrophotometric analysis of 
chlorophyll a and phaeopigments in acetone, ethanol and methanol. 
Ergebnisse der Limnologie 16:3-17.
Menzel, Du W. and R. F. vaccaro. 1964. The measurement of dissolved 
organic and particulate carbon in seawater. Limnology and 
Oceanography 9:138-142.
Meyer, J. L. and G. E. Likens. 1979. Transport and transportation of 
phosphorus in a forest stream ecosystem. Ecology 60: 1255-1269.
Mortimer, C. H. 1981. Hie oxygen content of air-saturated freshwaters 
over ranges of temperature and atmospheric pressure of limnological 
interest. Mitteilungen Internationalen Vereinigung fuer Limnologie 
No. 22. 23 pp.
Moss, B., R. Wetzel and G. H. Lauff. 1980. Annual productivity and
phytoplankton changes between 1969 and 1974 in Gull Lake, Michigan. 
Freshwater Biology 10:113-121.
Myrup, L. O., T. M. Powell, D. A. Godden and C. R. Goldman. 1979.
Cl imatolog ical estimate of the average monthly energy and water 
budgets of Lake Tahoe, California-Nevada. Water Resources Research 
15:1499-1508.
Peterson, B. J. 1980. Aquatic primary productivity and tiie ^'^C-COg 
method: A history of the productivity problem. Annual Review of
Ecology and Systematics 11:359-385.
Pierce, R. S., C. W. Martin, C. C. Reeves, G. E, Likens and F, H.
Bormann. 1972. Nutrient loss from clearcuttings in New Hampshire. 
In: Symposium on Watersheds in Transition. Fort Collins,
Colorado. pp. 285-295.
Potter, D. S. and j. A. Stanford. 1975. influences on the plankton 
communities of oligotrophic Flathead Lake, verhandl ungen der 
Internationalen vereinigung fuer Limnologie 19:1790-1797.
Prescott, G. W, 1962. Algae of the Western Great Lakes Area. William 
C. Brown, Dubuque, Iowa.
Prescott, G. W. 1978. How to Know the Freshwater Algae. 3rd ed. 
William C. Brown Co. Publishers, Dubuque, Iowa.
Priscu, J. C. 1984. In-situ quantum yield of p^ytoplankton in a 
subalpine lake. Journal of plankton Research 6:531-542.
Rast, W. and G. F. Lee. 1983. Nutrient loading estimates for lakes. 
Jounal of Environmental Engineering 109:502-517.
88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reckhow, K. H, and J. T. Simpson, 1980, A procedure using modeling and 
error analysis for the prediction of lake phosphorus concentration 
from land use information, Canadian Journal of Fisheries and 
Aquatic Sciences 37:1439-48.
Reynolds, C, S. 1984, phytoplankton periodicity: the interaction of
form, function and environmental variability. Freshwater Biology 
14:111-142,
Ross, C, P, 1959, Geology of Glacier National park and the Flathead
Region Northwestern Montana, u, S, Geological Survey, Professional 
paper #296.
Round, F. E. 1981. The Ecology of Algae, Cambridge university Press, 
Cambridge, 653 çp.
Schindler, D, W, 1977, Evolution of phosphorus limitation in lakes. 
Science 195:260-262.
Schindler, D, W, 1981. Interrelationships between the cycles of
elements in freshwater ecosystems, in: G. E, Likens (ed.) Some
perspectives of the Major Biogeochemical Cycles. SCOPE 17. John 
Wiley & Sons, New York, pp, 113-123.
Schindler, D. W., R, V. Schmidt and R. A. Reid, 1972, Acidification 
and bubbling as an alternative to filtration in determining 
phytoplankton production by the ^^C method, journal of the
Fisheries Research Board of Canada 29:1627-1631,
Sheath, R, G., J. A, Hellebust and T. Sawa, 1975. The stratospore of 
Dinobryon divergens Imhof; Formation and germination in a
subarctic lake. Journal of Phycology 11:131-138.
Smith, G, L. 1950. The Freshwater Algae of the iftiited States, 2nd ed. 
McGraw-Hill, New York.
Sonzogni, W, C. and G. F, Lee, 1974. Nutrient sources for Lake
Mendota. Transactions of the Wisconsin Academy of Science Arts 
Letter 62:133-164.
Sorsa, K, 1979. Primary production of epipelic algae in Lake
Sucmunjarvi, Finnish North Karelia. Ann. Bot. Fennici 16:351-367.
Stanford, j. A. and D, S. Potter. 1976. Limnology of the Flathead 
Lake-River Bcosystan, Montana; a perspective. In: R, Soltero
(ed.) ESA Symposium on Aquatic and Terrestrial Research in the 
Pacific Northwest, Cheney, Washington, pp, 241-250.
Stanford, j. A., T. J, Stuart and B. K. Ellis. 1983. Limnology of
Flathead Lake: Final Report. Flathead River Basin Environmental
Impact Study, u, S. Environmental Protection Agency, Helena, MT
89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
stanford, J. A., J. L. Hughes, J, H, Jourdonnais and B, K. Ellis. 1935. 
Methodology for Limnolo<glcal Analyses and Quality Control 
Procedures used in the Freshwater Research Laboratory. Open File 
Report. University of Montana Biological Station, Big fork, MT.
Stockner, j. G. and K. R. S. Shortreed, 1975. Phytoplankton succession 
and primary production in Babine Lake, British Columbia, journal 
of the Fisheries Research Board of Canada 32:2413-2427.
Tang en, K. and P. Brettum. 1978. phytoplankton and pelagic primary 
productivity in Ovre Heimdalsvatn, Holarctic Ecology 1:128-147,
Tilman, D., S. S. Kilham and p. Kilham. 1982. Phytoplankton community 
ecology: Hie role of limiting nutrients. Annual Review of Ecology
and Systematics 13:349-372.
U. S. Department of ^riculture, SCS. 1970. Preliminary Investigation 
Report Whitefish Lake Watershed, Flathead County, Montana.
Kalispell, MT.
U. S. Department of Commerce, NOAA. 1982. Cl imatolog ical data, 
monthly, Montana, Vol. 85 (CDctober-December).
U. S. Department of Commerce, NOAA, 1983. Cl imatolog ical data, 
monthly, Montana, Vol. 86 (January-December).
U. S. Environmental protection Agency. 1979. Methods for the Chemical 
Analysis of Water and Wastes. EPA-600/4-79-020.
Vallentyne, J, R. 1981. The ecosystem approach to planning, research 
and management in the Great Lakes Basin. Verhandl ungen der 
Internationalen Vereinigung fuer Limnologie 21:1749-1752.
Vollenweider, R. A. and j. Kerekes. 1980. The loading concept as basis 
for controlling eutrophication philosophy and preliminary results 
of the OECD programme on Eutrophication, prog. Wat. Tech. vol.
12, Norway, pp, 5-18. lAWHI/pergamon press Ltd.
Weber, C. I. 1971. A Guide to the Common DiatcKns at Water Pollution 
Surveillance System Stations, u. S, Environmental protection 
Agency, National Environmental Research Center/Analytical Quality 
control Laboratory, Cinncinati, Cftiio.
Wetzel, R, G. 1983. Limnology. 2nd ed. W. B. Saunders, Philadelphia, 
767 pp.
Wetzel, R. G. and G. E. Likens, 1979. Limnological Analysis. W. B. 
SaiMders, Philadelphia. 357 pp.
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Wiegand, R. c., E. C. Carmack, R. j, Daley, C. B. J. Gray, S. jasper and 
C. H. Pharo, 1982. Seasonal aspects of the surface and advective 
beat fluxes of Kootenay Lake, British Columbia. Water Resources 
Research 18:1493-1502.
Whitford, L. A, and Schumacher, 1973. A Manual of Freshwater Algae. 
Sparks Press, Raleigh, North Carolina. 324 pp.
91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
